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(57) Abstract: A microelectromechan- 
icaJ system (MEMS) and integrated 
circuit based biosensor (210) capable 
of sensing or detecting various ionic 
molecules and macromolecules 
(DNA, RNA or protein). The MEMS 
based biosensor (210) may utilize a 
hybridization and enzyme amplification 
scheme and an electrochemical detection 
scheme for sensitivity improvement and 
system miniaturization. The biosensor 
or biosensors (210) are incorporated 
on a single substrate (200). Preferably, 
the biosensor system comprises at 
least two electrodes. The electrodes 
may comprise a working electrode 
(220), a reference electrode (240), and 
a counter (auxiliary) electrode (230). 
The biosensor or biosensors (210) also 
provide an apparatus and method for 
confinement of reagent and/or solution 
in the biosensor or biosensors (210) 
using surface tension at small scale. The 
confinement system provides controlled 
contacts between the reagent(s) and/or 

solution(s) with the components (i.e., electrodes) of the biosensor or biosensors (210) using controllable surface properties and 
surface tension forces. The confinement system allows for incorporation of the biosensor or biosensors (210) into a portable or 
handheld device and is immune to shaking and/or flipping. The invention also provides for a biosensor (210) and/or sensors that 
are integrated with integrated circuit (IC) technologies. Preferably, the entire sensor system or systems are fabricated on a single 
IC substrate (200) or chip and no external component and/or instrument is required for a complete detection system or systems. 
Preferably, the sensor system or systems are fabricated using the IC process on a silicon substrate (200). 
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DESCRIPTION 
Biological Identification System With Integrated Sensor Chip 

This application claims the benefit of U.S. Provisional Patent Application Serial 
No. 60/201,603, filed May 3, 2000. 

5 Statement Regarding Federally Sponsored Research Or Development 

This invention was made with Government support under Grant No. N66001-96- 
C-8632 awarded by the Department of the Navy. The Government has certain rights in 
this invention. 

Field Of The Invention 

10 The field of the present invention relates generally to apparatus and methods for 

sensing or detecting various target analytes, including ionic molecules (e.g. iron, 
chromium, lead, copper, calcium or potassium) and macromolecules (e.g. DNA, RNA or 
protein) and in particular, to biosensors, methods of using the biosensors, and methods for 
making the biosensors. 

15 Background Of The Invention 

A variety of biosensors have been developed for the detection of biological 
material, such as pathogenic bacteria. Conventional methods for detecting bacteria usually 
involve a morphological evaluation of the organisms and rely on (or often require) 
growing the number of organisms needed for such an evaluation; such methods are time 
20 consuming and are typically impractical under field conditions. The need for rapid 
detection as well as portability has led to the development of systems that couple pathogen 
recognition with signal transduction. Both optical and electrochemical detection of 
bacteria have been reported (Ivnitski, et. al., 1999, T. Wang, et. aL, 2000). (Full citations 
, to the literature cited herein are given at the end of the specification.) However, the 
25 present inventive entity has determined that electrochemical methods have an advantage in 
that they are more amenable to miniaturization. 

Requirements for an ideal detector include high specificity and high sensitivity 
using a protocol that can be completed in a relatively short time. Moreover, systems that 
can be miniaturized and automated offer a significant advantage over current technology, 
30 especially if detection is needed in the field. 

The electrochemical methods use the principle of electrical circuit completion. To 
complete the electrical circuit, a counter electrode is used to provide a return path to the 
sample solution or reagent and a reference electrode is used as a reference point against 
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which the potential of another electrode or electrodes are determined (typically that of the 
working electrode or measuring electrode). Since this contact must be provided by 
electrochemical means, i.e. a metal electrode immersed in a chemical solution or reagent, 
it is impossible to avoid generating an electrical potential in series with the potential 
5 developed by the electrode. The conventional theory in the electrochemical methods is 
that it is essential for the reference electrode potential to be very stable and not be affected 
by chemical changes in the solution. Thus, silver/silver chloride reference electrodes, 
which provide a very stable reference potential, are the most common type of electrode 
used for reference electrodes today. 

10 Referring to Fig. 1, the typical silver/silver chloride reference electrode 10 contains 

a chloridised silver wire 1 (a layer of silver chloride coated on silver wire) immersed in a 
solution 5 of potassium chloride (3.5M KC1) saturated with silver chloride (AgCl). This 
internal filling solution 5 slowly seeps out of the electrode 10 through a porous ceramic 
junction 20 and acts as an electrical connection between the reference element 1 and the 

15 sample. Potassium chloride is used because it is inexpensive and does not normally 
interfere with the measurement. The solution 5 also includes silver chloride to prevent 
dissolution of the coating on the reference element 1 . It is therefore necessary to maintain 
the level of solution 5 in the electrode 10 using a filling solution hole 40. 

The present inventive entity, however, has determined that robust and precise 

20 biological detection can be achieved using electrochemical methods, and more precisely 
using redox (reduction-oxidation) methods, without the need of a two-layered reference 
electrode (e.g., silver chloride coated on silver) having a known reference electrode 
potential described above. 

Referring now to Fig. 2, the electrochemical methods also required a potentiostat 

25 50, which is a control amplifier with the test cell placed in the feedback loop. The 
objective is to control the potential difference between a test electrode (working electrode) 
60 and a reference electrode 70 by the application of a current via the third, auxiliary 
electrode (counter electrode) 80. In practice a fairly good potentiostat may be built using a 
minimum of components. In the circuit shown here, 90A and 90B are 1.22V bandgap 

30 reference diodes connected between the positive and negative power rails. Potentiometer 
100 is then used to set the required cell polarization, applied to the non-inverting input of 
the main amplifier 110. The working electrode 60 connects to the ground of the circuit 
and the reference electrode 70 to the inverting input of the main amplifier 110. In order to 
boost the output capability somewhat (most operational amplifiers are limited to about 20 

35 mA and do not tolerate capacitative loads well) a unity gain buffer amplifier 120 is used. 
Preferably, gain buffer amplifier 120 has a much higher bandwidth than amplifier 110, 
otherwise the circuit is likely to oscillate when driving a capacitative cell. The output of 
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the buffer amplifier 120 connects to the auxiliary electrode 80 via a current measuring 
resistor 140. Differential amplifier 130 is then used to measure the voltage drop across 
this resistor 140 and to convert it to a ground referenced output voltage. 

Microelectromechanical systems (MEMS) technology provides transducers to 
5 perform sensing and actuation in various engineering applications. The significance of 
MEMS technology is that it makes possible mechanical parts of micron size that can be 
integrated with electronics and batch fabricated in large quantities. MEMS devices are 
fabricated through the process of micromachining, a batch production process employing 
lithography. Micromachining relies heavily on the use of lithographic methods to create 

10 3-dimensional structures using pre-designed resist patterns (masks) (Ho and Tai, 1996, 
1998). MEMS is one suitable technology for making micro fabricated devices or aspects 
thereof. Microfabricated devices are generally defined as devices fabricated by using 
MEMS and/or integrated circuit (IC) technology. An integrated circuit (IC) is defined as a 
tiny chip of substrate material upon which is etched or imprinted a complex of electronic 

1 5 components and their interconnections. 

The present inventive entity has determined that miniaturization and portability 
features are inherent in electrochemical methods make these methods excellent candidates 
for integration into MEMS devices, and, further that it would be advantageous to integrate 
MEMS technology with biosensing methods to detect various ionic molecules and 

20 macromolecules (DNA, RNA or protein). 

The present inventive entity has also determined that in the area of biosensing of 
bacteria, one of the most effective means of achieving high specificity is to detect the 
bacteria's genetic material (e.g. rRNA, mRNA, denatured DNA). By choosing a single- 
stranded DNA (ssDNA) probe whose sequence is complementary only to the target 

25 bacteria's rRNA or ssDNA, monitoring the hybridization event allows selective sensing of 
target cells. To maximize sensitivity, coupling the hybridization event with an enzymatic 
reaction leads to signal amplification, as each substrate-to-product turnover contributes to 
the overall signal. Biosensing to detect DNA hybridizations that are amplified by 
enzymatic reaction can still be completed within a reasonably short time according to the 

30 invention. 

Thus, a prototype amperometric detector for Escherichia coli (E. coli) has been 
developed based on the above determinations and technologies (Chen, et. al., 2000, Gau, 
et. al., 2000). The technologies of MEMS, self-assembled monolayers (SAMs), DNA 
hybridization, and enzyme amplification all contribute to the design of a miniaturized, 
35 specific, and sensitive E. coli detector. DNA electrochemical probes have been reported 
previously (Wang, et al., 1997, Marrazza, et al., 1999), with graphite or carbon electrodes 
typically used. Commercial units for amperometric detection of DNA from E. coli using 
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screen-printed carbon electrodes on disposable test strips are also available. Screen- 
printing has the advantage of low cost; however, achieving high dimensional precision is 
not easy. Thus, the present inventive entity has determined a need to develop a method of 
using lithography to accurately pattern in [im size dimensions a wide range of materials 
5 such as metals (e.g. Au, Ag) and carbon. Moreover, utilizing a surface modification, such 
as self-assembly monolayer (SAM) of biotin-DAD-C12-SH dodecanamide, is a preferred 
method of selectively immobilizing molecules on MEMS surfaces. The formation of 
SAMs on Au, Ag and other metals has been well studied (Revell, et al., 1998, Motesharei, 
et al., 1998, Xia, et al., 1998, Lahiri, et al., 1999), and proteins and other biomolecules can 

10 be easily immobilized onto surfaces such as Au using SAMs (Ostuni, et al., 1999, Kane, et 
al., 1999, Spinke, et al., 1993, Haussling, et al., 1991). Amperometric methods using 
SAMs on electrodes have demonstrated the ability to detect target analytes successfully 
(Sun, et al., 1998, Hou, et al., 1998, Murthy, et al., 1998). 

In the instant E. coli detection system, the present invention identifies and takes 

15 advantage of certain benefits inherent in each technology. Using DNA hybridization and 
enzyme amplification, the present invention achieves the required specificity and 
sensitivity. Using MEMS and SAMs, the present inventive entity fabricated a 
miniaturized system that can be developed into a portable instrument. Finally, the 
invention demonstrates that the present detection system is applicable to a broad range of 

20 pathogenic bacteria. For example, the detection module and assay protocol can be 
adapted to detect uropathogenic E. coli and identify microorganisms causing otitis media 
(middle ear infection). 

Accordingly, it is an object of the invention to provide novel biosensors, novel 
methods of using the biosensors, and novel methods for making the biosensors. This 

25 object is solved, by the combination of the features of the main claim, and the sub-claims 
disclose further advantageous embodiments of the invention. 

Summary of the Invention 

This summary of the invention does not necessarily describe all necessary features 
detailed in the specification, and the invention may also reside in a sub-combination of 
30 features described here and elsewhere in the specification. 

A first aspect of the present invention provides an apparatus and method for 
sensing or detecting various target analytes, including especially macromolecules (e.g. 
DNA, RNA or protein) and ionic molecules (e.g. iron, chromium, lead, copper, calcium or 
potassium) using a biosensor incorporated on a single substrate (silicon, glass, plastic, 
35 etc.). The substrated biosensor system comprises at least two electrodes that are typically 
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fabricated together as a single series microfabrication process step on the substrate. 
However, successive microfabrication steps may also be employed to fabricate the system. 

In a preferred embodiment, the electrodes are all made out of pure metal (as 
opposed to the Ag/AgCl electrodes of the prior art, for exmple). In another preferred 
5 embodiment, the substrated biosensor system comprises a working electrode, a reference 
electrode and a counter (auxiliary) electrode. Preferably the substrated biosensor system 
has the same electrochemical performance as a conventional electrochemical biosensor. 
In addition, the substrated biosensor system should be compatible with integrated circuit 
(IC) and/or MEMS fabrication processes and be capable of being constructed in a small 
10 area. 

A second aspect of the present invention provides an apparatus and method for 
confinement of reagent and/or solution in a biosensor using surface tension at small scale. 
The reagent and/or solution contain the necessary electrolytes and/or analytes needed for 
biological sensing. 

15 In a preferred embodiment, the apparatus and method in the present invention 

allow for each electrode used for sensing or detecting various ionic molecules (e.g. iron, 
chromium, lead, copper, calcium or potassium) and macromolecules (e.g. DNA, RNA or 
protein) to be in selective contact with the reagent and/or solution when the electrolytes 
and/or analytes are needed by using controllable surface properties and surface tension 

20 forces at small scale. 

In another preferred embodiment, the apparatus and method for confinement of 
reagent and/or solution (and thus the electrolytes and/or analytes in the reagent and/or 
solution) using surface tension is incorporated with a portable or handheld device and is 
immune to shaking of the device. In addition, the reagent and/or solution should be held 

25 firmly in position by the biosensor using surface tension even when the biosensor is 
flipped upside down. 

A third aspect of the present invention provides an apparatus and method for 
integrating the components of an electrochemical sensor and/or sensors (e.g. electrodes) 
and additional required electronic circuit components (e.g. amplifiers) in an 

30 electrochemical sensor or sensors with integrated circuit (IC) technologies. The entire 
sensor system and/or systems can be incorporated on a single IC substrate or chip, such as 
a single semiconductor (e.g. silicon or gallium arsenide) substrate or chip. Preferably, no 
or much fewer external components and/or instruments are required to complete the 
system or systems. The sensor and/or sensors are preferably fabricated using the IC 

35 process. 

In any of the embodiments used for macromolecule electrochemical detection, a 
preferred feature of the invention is to modify the surface on at least one of the electrodes. 
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Preferably, the surface is modified for anchoring macromolecules on the surface. 
Preferably, the surface is modified using a self-assembly monolayer (SAM) such as biotin- 
streptavidin. Preferably, the SAM is placed on the surface of a working electrode in an 
electrochemical sensor. Optionally, materials such as sol gel and/or carbon paste may be 
5 used to modify the surface (as a replacement for SAM or in combination with SAM). 

The above "summary of the invention" presents only examples and not limitations. 
Further embodiments as well as sub-combinations, modifications, variations and 
enhancements of the invention will become apparent in the detailed description of the 
invention, which follows herein. 

10 Brief Description of the Drawings 

In the drawings, wherein the same reference number indicates the same element 
throughout the several views: 

Fig. 1 is a schematic of an embodiment of a conventional reference electrode. 
Fig. 2 is a schematic of an embodiment of a potentiostat used in the 
1 5 electrochemical methods. 

Fig. 3 is a schematic of an embodiment of a plurality of electrochemical biosensors 
on a circular substrate wafer according to the present invention. 

Fig. 4 is. a schematic of alternative embodiment of a plurality of electrochemical 
biosensors on a square substrate according to the present invention. 
20 Fig. 5 is a schematic of another embodiment of an electrochemical biosensor on a 

substrate according to the present invention. 

Fig. 6 is a graph of Cyclic Voltammetry (CV) scan potential over time. 
Fig. 7 is a one-cycle Cyclic Voltammetry (current vs. bias potential) taken by a 
biosensor according to the present invention. 
25 Fig. 8. is a Cyclic Voltammetry (current vs. bias potential) at different scan rate 

taken by a biosensor according to the present invention. 

Fig. 9. is a graph of the square root of scan rate vs. peak current taken by a 
biosensor according to the present invention. 

Fig. 10 is a Cyclic Voltammetry (current vs. bias potential) on a plurality of cycles 
30 at constant scan rate taken by a biosensor according to the present invention. 

Figs 11(a), (b) and (c) are diagrams showing reagent and/or solution confinement 
by surface tension and treatment according to the present invention. 

Fig. 12 is a diagram showing reagent and/or solution confinement selectively over 
only a working electrode on a biosensor according to the present invention. 
35 Fig. 13 is a diagram showing reagent and/or solution confinement over all 

electrodes on a biosensor according to the present invention. 
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Fig. 14 is a side view diagram showing the first step of how an embodiment of a 
biosensor of the present invention can be fabricated. 

Fig. 15 is a diagram showing the second step of how the biosensor can be 
fabricated. 

5 Fig. 16 is a diagram showing the third step of how the biosensor can be fabricated. 

Fig. 17 is a diagram showing the fourth step of how the biosensor can be 
fabricated. 

Fig. 18 is a diagram showing the fifth step of how the biosensor can be fabricated. 

Fig. 19 is a diagram showing the sixth step of how the biosensor can be fabricated. 
10 Fig. 20 is a diagram showing how the surface of an embodiment of the present 

biosensor can be modified to prevent non-specific binding. 

Fig. 21 is a diagram showing the final result on the biosensor surface of the surface 
modification process in Fig. 20. 

Fig. 22 is a sectional diagram of an embodiment of the present invention of a 
15 biosensor system with a biosensor integrated with integrated circuit components. 

Fig. 23 is a diagram of an embodiment of the present invention of a plurality of 
biosensors integrated with integrated circuit components. 

Fig. 24 is a sectional diagram of a biosensor unit that, together with other similar 
units, makes up the plurality of biosensors integrated with the integrated circuit 
20 components in Fig. 24. 

Fig. 25 is a diagram showing the first step of how an embodiment of a biosensor 
(sensor-chip) of the present invention can be fabricated by integrated circuit (IC) 
technology with a CMOS device integrated on the biosensor (sensor-chip) itself. 

Fig. 26 is a diagram showing the second step of how the biosensor (sensor-chip) 
25 can be fabricated by integrated circuit (IC) technology. 

Fig. 27 is a diagram showing the third step of how the biosensor (sensor-chip) can 
be fabricated by IC technology. 

Fig. 28 is a diagram showing the fourth step of how the biosensor (sensor-chip) can 
be fabricated by IC technology. 
30 Fig. 29 is a diagram showing the fifth step of how the biosensor (sensor-chip) can 

be fabricated by IC technology. 

Fig. 30 is a diagram showing the sixth step of how the biosensor (sensor-chip) can 
be fabricated by IC technology. 

Fig. 31 is a diagram showing how an embodiment of a biosensor of the present 
" 35 invention can be use to detect ionic analytes (or molecules). 

Fig. 32 is Cyclic Voltammetry (CV) (current vs. bias potential) graph taken by the 
sensor of Fig. 31. 
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Fig. 33 is a diagram showing the first step of how an embodiment of a biosensor of 
the present invention can be used to detect macromolecules (e.g. DNS, RNA, protein). 

Fig. 34 is a diagram showing the second step of the detection of the 
macromolecules. 

5 Fig. 35 is a diagram showing the third step of the detection of the macromolecules. 

Detailed Description of the Preferred Embodiment 

Although specific embodiments of the invention will now be described with 
reference to the drawings, it should be understood that various changes and modifications 
may be made without departing from the spirit, scope and contemplation of the invention. 
10 Indeed, the drawings and description herein are provided by way of examples, and not by 
way of limitations. 

The first aspect of the invention relates to detection of various target analytes, 
especially ionic molecules (e.g. iron, chromium, lead, copper, calcium or potassium) and 
macromolecules (e.g. DNA, RNA or protein), using the principles of electrochemical 

15 detection. The principles of electrochemical detection require the use of a redox cell and 
an electrochemical reaction in the cell. 

The redox cell is a device that converts chemical energy into electrical energy or 
vice versa when a chemical reaction occurs in the cell. Typically, the cell consists of three 
electrodes immersed into an aqueous solution (electrolyte) with electrode reactions 

20 occurring at the electrode-solution surfaces. 

The cell consists of two electronically conducting phases (e.g., solid or liquid 
metals, semiconductors, etc.) connected by an ionically conducting phase (e.g. aqueous or 
nonaqueous solution, molten salt, ionically conducting solid). As an electrical current 
passes, it must change mode from electronic current to ionic current and back to electronic 

25 current. These changes of conduction mode are accompanied by reduction-oxidation 
reactions. Each mode changing reaction is called a half-cell. 

Each electrochemical reaction is reduction-oxidation (redox) reaction that occurs in 
the redox cell. For example, in a spontaneous "chemical reaction" during the oxidation of 
hydrogen by oxygen to water, electrons are passed directly from the hydrogen to the 

30 oxygen. In contrast, in the spontaneous electrochemical reaction in the redox cell, two 
separate electrode reactions occur substantially simultaneously or in tandem. 

An important feature of the redox cell is that the simultaneously occurring 
reduction-oxidation reactions are spatially separated. The hydrogen, for example, is 
oxidized at the anode electrode by transferring electrons to the anode electrode and the 

35 oxygen is reduced at the cathode electrode by accepting electrons from the cathode 
electrode. The overall electrochemical reaction is the sum of the two electrode reactions. 
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The ions produced in the electrode reactions, in this case positive hydrogen ions and 
negative hydroxyl ions, will recombine in the solution to form the final product of the 
reaction: water. 

During this process the electrons are conducted from the anode electrode to the 
5 cathode electrode through an outside electric circuit where the electronic current can be 
measured. The reaction can also be reversed; water can be decomposed into hydrogen and 
oxygen by the application of electrical power in an electrolytic cell. 

A three-electrode system of the invention is an electrochemical cell containing a 
working electrode, a counter electrode (or auxiliary electrode), and a reference electrode. 

10 A current may flow between the working and counter electrodes, while the potential of the 
working electrode is measured against the reference electrode. This setup can be used in 
basic research to investigate the kinetics and mechanism of the electrode reaction 
occurring on the working electrode surface, or in electroanalytical applications. The 
detection module in the preferred embodiment in the instant invention is based of a three- 

1 5 electrode system. 

The counter electrode is used to make an electrical connection to the electrolyte so 
that a current can be applied to the working electrode. The counter electrode is usually 
made of inert materials (noble metals or carbon/graphite) to avoid its dissolution. It has 
been observed in connection with the present invention that a small feature or small cross- 

20 section at the counter electrode will heat up the surrounding solution when a large current 
is pulled out from the counter electrode. Bubbles will be generated if the current is 
continuously overflowed, and ultimately dissolution of the electrode occurs. Thus, the 
bubble formation can be avoided by controlling the current and/or the electrode size. In a 
preferred embodiment of the present invention, the width of the counter electrode is large 

25 enough to avoid this heat up problem even at large current. 

The reference electrode is used as a reference point against which the potential of 
other electrodes (typically that of the working electrode or measuring electrode) can be 
measured in an electrochemical cell. The few commonly used (and usually commercially 
available) electrode assemblies all have an electrode potential independent of the 

30 electrolyte used in the cell, such as a silver/silver-chloride electrode, calomel electrode, or 
hydrogen electrode. However, the present inventive entity has determined that a single 
layer electrode, such as a single layer of gold electrode, can fulfill the requirement for a 
reference electrode. In addition, other materials such as silver, copper, platinum, 
chromium, aluminum, titanium, nickel may also work as a single layer reference electrode 

35 under the right conditions. 

The working electrode plays a central role in the electrochemical biosensors of the 
invention. The reaction occurring at the working electrode may be used to perform an 
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electrochemical analysis of the electrolyte solution. It can serve either as an anode or a 
cathode, depending on the applied polarity. One of the electrodes in some "classical two- 
electrode" cells can also be considered a "working" ("measuring," "indicator," or 
"sensing") electrode, e.g., in a potentiometric electroanalytical setup where the potential of 
5 the measuring electrode (against a reference electrode) is a measure of the concentration of 
a species in the solution. 

In a preferred three-electrode embodiment, the counter and reference electrodes are 
configured to extend generally about the periphering of the working electrode of the 
biosensor. Suitability configurations are seen in, for example, Figs. 3, 4, 5, 12, 13 and 23. 

10 In a preferred embodiment, the electrochemical biosensor is fabricated using 

microelectromechanical systems (MEMS) technology. Referring now to Fig. 3, a layer of 
silicon dioxide (Si02, 1000 A) is deposited on a bare silicon wafer 200 (prime grade, p- 
type <100>, thickness 500-550. \xm) and served as a pad layer underneath the silicon 
nitride (Si 3 N 4 , 1000 A) to release stress and improve adhesion. A plurality of MEMS 

15 biosensors (such as biosensor 210) were fabricated with working electrodes of various 
dimensions (such as working electrode 220). Preferably each of the working electrodes is 
etched to form a well up to 350 |xm in depth. 

The nitride-coated silicon wafer 200 was patterned and bulk etched using KOH 
along the [1 1 1] and [100] crystal planes, and the depth of the well was controlled by KOH 

20 etching time and temperature. The 100. |Jjn wide auxiliary (such as auxiliary electrode 
230) and reference (such as reference electrode 240) electrodes are separated from their 
corresponding working electrode 220 by 200 |im. Fig. 3 shows a schematic of the pattern 
used in generating the MEMS biosensors (such as biosensor 210). 

The nitride and oxide were removed by HF etching to release internal stress, and 

25 another oxide layer (5000A) was deposited for electrical isolation. Electrodes were 
patterned by PR5214 photo resist reverse imaging and lift-off process with electron beam 
deposition of Au(2000A)/Cr(200A). Finally the wafer 200 was bathed in 
hexamethyldisilazane (HMDS) vapor for three minutes after ten minutes of a 1 50°C hot 
bake to generate a hydrophobic surface on the surrounding Si areas. The hydrophobic 

30 nature of the surrounding area, along with the 3-dimensional nature of the working 
electrode (such as working electrode 220), allows containment of a liquid droplet on the 
working electrode 220 during the initial sensing step of immobilizing to the working 
electrode molecules of interest in the solution. This design effectively minimized non- 
specific binding of biomolecules to other areas of the MEMS array. 

35 Preferably the material used for all the electrochemical electrodes is gold (Au). 

Several conducting materials, available in MEMS technology, were patterned on a silicon 
substrate by the lift-off process, and the characteristics of the three-electrode system were 
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tested by cyclic voltammetry with ferricyanide solution. Different combinations of gold, 
platinum, titanium and aluminum electrodes were tested and the Au/Au/Au three-electrode 
system gave the best C-V curve and redox characteristics. 

Fig. 4 shows an embodiment of biosensors fabricated on a square substrate 300 
5 (such as silicon, gallium arsenide, plastic and/or glass) having a plurality of circular 
biosensors, such as biosensor 310. The biosensor 310 comprises a working electrode 320, 
a reference electrode 330, and a counter (auxiliary) electrode 340. As previously 
mentioned, preferably the electrodes are constructed out of a single layer of conducting 
materials, available in MEMS technology. Furthermore, all of the electrodes should 

10 preferably be constructed out of gold (Au). 

Fig. 5 shows yet another preferred embodiment of the present invention. The 
biosensor 410 comprises a working electrode 420, a reference electrode 430 and a counter 
(auxiliary) electrode 440 fabricated on the substrate. Preferably, the electrodes are made 
out of gold. The working electrode 420 is formed in a built-in well 450 in the substrate up 

15 to 350 |im in depth. The well 450 is designed for confining a desired reagent within the 
well-defined space. As shown in Fig. 5, the well 450 fabricated by the microfabrication 
methods described herein, is bordered by (111) silicon planes after KOH etching. The 
working electrode 420, defined by the microfabrication methods described above, covers 
the entire well 450 surface. 

20 In operation, the above embodiments have the advantage of being easy to fabricate 

and can be fabricated together as a single series microfabrication process step on the 
substrate. However, successive microfabrication steps may also be employed for 
fabrication. Furthermore, as the following analysis and experiments below show, these 
low-cost and easy-to-fabricate biosensors are reusable and have the same robust and 

25 reversible electrochemical performance as conventional biosensors. 

In one experiment, Cyclic Voltammetry (CV) analytical technique is used. CV is 
one of the most versatile analytical techniques used in the study of electroactive species 
and the characterization of biosensors. It is widely used as both an industrial and 
academic research tool in the fundamental characterization of electrochemical systems. In 

30 Cyclic Voltammetry, the potential is ramped from an initial potential (E 0 ) to a maximum 
potential (Em) at a controlled (and typically fixed) sweep rate (V/sec). Fig. 6 illustrates 
this concept. Repeated cycles of reduction and oxidation of the analyte generate 
alternating anodic and cathodic currents in and out of the working electrode. Since the 
solution and/or reagent is not stirred, diffusion effects are observed at different analyte 

35 concentrations and different scan rates. 

Separation of the anodic (i pa ) and cathodic (i pc ) current peaks can be used to predict 
the number of electrons involved in the redox reaction. The peak current is also directly 
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proportional to the analyte concentration, C and scan rate, v. Experimental results are 
usually plotted as current versus potential, similar to the graph shown in Fig. 7. 

In the CV scan shown in Fig. 7, the potential is graphed along the x-axis with more 
positive (or oxidizing) potentials plotted to the right, and more negative (or reducing) 
5 potentials to the left. The current is plotted on the y-axis with cathodic (i.e., reducing) 
currents plotted down along the negative direction, and anodic (i.e. oxidizing) currents 
plotted in the positive direction. 

The analyte used in the following control experiment was potassium ferricyanide, 
K 3 Fe(CN)6 (329.26 g/mol), which contains an iron atom in the +3 oxidation state (Fe in ) in 
10 a buffer solution of potassium nitrate, KNO3 (101.1 1 g/mol). At the surface of a working 
electrode, a single electron can be added to the ferricyanide anion. This will cause it to be 
reduced to the ferricyanide anion, Fe"(CN)6 4 \ which contains an iron atom in the +2 
oxidation state (Fe 11 ). This simple, one electron exchange between the analyte and the 
electrode is a well behaved, reversible reaction. This means that the analyte can be easily 
1 5 reduced to Fe n (CN)6 4 " and then easily oxidized back to Fe ni (CN)6 3 ". 

A redox couple is a pair of analytes differing only in oxidation state. The 
electrochemical half-reaction for the Fe n, (CN) 6 3 " / Fe M (CN)6 4 ~ redox couple can be written 
as follows: 

Fe w {CN)^ + e <=> Fe !l (CN)*~ E 0 = +0.358V(NHE). (1) 
20 " The voltammogram shown in Fig. 8 exhibits two asymmetric peaks, one cathodic 

(ipc) and the other anodic (/,„). Using a standard reference electrode, such as the normal 
hydrogen electrode (NHE), the formal potential associated with this half-reaction is near 
+358 mV. If the working electrode is held at a potential more positive than +400 mV, 
then the analyte tends to be oxidized to the Fe tu {CN)*~ form. This oxidation at the 
25 working electrode causes electrons to go into the electrode from the solution resulting in 
an anodic current. At potentials more negative than +400 mV, the analyte tends to be 
reduced to Fe m (CN) 6 4 ~ . This reduction at the working electrode causes electrons to flow 
out of the electrode into the solution resulting in a cathodic current. Since the preferred 
sensor design embodiment of the present invention does not utilize a standard reference 
30 electrode like NHE, silver/silver chloride (Ag/AgCl) or saturated calomel electrode (SCE), 
and since all three electrodes are gold (Au), the rest (unbiased) potential in this experiment 
is close to zero volts. 

The important parameters of a cyclic voltammogram are the magnitudes of the 
cathodic and anodic peak currents (i pc and respectively) and the potentials at which 
35 these currents are observed (E pc and E pa , respectively). Using these parameters, it is 
possible to calculate the formal reduction potential (E 0 - which is centered between E pa 
and E P c ) and the number of electrons (n) transferred in the charge transfer reaction. 
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The peak current {i pa or i^.) can be expressed by the Randles-Sevcik equation: 



i =0.4463nFAC 



nFvDy 
RT 



(2) 



where, n = number of electrons appearing in half-reaction for the redox couple 
F= Faraday's constant (96,485 CI mol) 
5 A = electrode area (cm 2 ) 

v = rate at which the potential is swept (V/sec) 
D = analyte's diffusion coefficient (cm 2 /sec) 
R = universal gas constant (8.3 14 J / mol K) 
T = absolute temperature (K) 
10 At 25°C, the Randles-Sevcik equation can be reduced to the following: 

i p = (2 t 687xl0 5 )n y2 v ]/2 D ]J2 AC (3) 

where the constant has units (i.e., 2.687x10 s C mof 1 V~ 1/2 ). 

The Randles-Sevcik equation predicts that the peak current should be proportional 
to the square root of the sweep rate when voltammograms are taken at different scan rates. 
15 As shown in Fig. 9, the plot of peak current versus the square root of sweep rate yields a 
straight line. The Randles-Sevcik equation can be modified to give an expression for the 
slope of this straight line as follows, 

Slope = (2.687xl0 s Cmor l V^ 2 )n i/2 D l/2 AC (4) 

The scan rate dependence of the peak potentials and peak currents are used to evaluate the 
20 number of electrons participating in the redox reaction as well as provide a qualitative 
account of the degree of reversibility in the overall reaction. The number of electrons 
transferred in the electrode reaction (n) for a reversible redox couple is determined from 
the separation between the peak potentials (AEp = Epa - Epc). For a simple, reversible 
(fast) redox couple, the ratio of the anodic and cathodic peak currents should be equal to 
25 one. The results of the experiment using the preferred sensor design deviate only slightly 
from unity. Large deviations would indicate interfering chemical reactions coupled to the 
electrode processes, but slight deviations from unity merely suggest a non-ideal system. 
Fig. 10 shows the CV scan for 12 consecutive cycles with minor deviations from the first 
cycle. These results clearly indicate a highly reversible system and robust cell design. 
30 Besides being easy and cheap to fabricate while having the same performance as 

the conventional sensor, the above embodiments of the present invention also have the 
advantages of being compatible with the integrated circuit (IC) and the MEMS fabrication 
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process. Furthermore, as shown in Figs. 3 and 4 these, embodiments are capable of being 
constructed in an array of biosensors and in a small area. 

A second aspect of the present invention relates to confinement of a reagent and/or 
solution in a biosensor using surface tension at small scale. The reagent and/or solution 
5 contains the target analyte(s) and/or the chemical(s) needed for biosensing. 

A biosensor's performance is mainly determined by its specificity and sensitivity. 
The concept of confining the reagent on a substrate, such as silicon, was discovered in 
investigations relating to the present invention to be a solution for reducing the high level 
of detection noise caused by the non-specific binding of the analyte or other reagent or 

10 solution components, such as Horseradish Peroxidase (HRP), onto regions arund the 
periphery of the working electrode and causing high detection noises and creating high 
false positive rates. HRP is used in the instant embodiment as a signaling enzyme. To 
verify that noise does come from the HRP residual at the surface, a simple test was done to 
estimate the contribution of this unwanted binding. HRP was introduced to a bare silicon 

15 chip, followed with several wash steps before the addition of the substrate solution. A very 
high level of enzymatic reaction was observed immediately after adding the substrate 
solution. 

As expected, HRP, like other proteins, sticks to the silicon surface easily and 
tightly. Several commercial wash solutions and blocking protein were tested without any 

20 significant improvement of reducing non-specific binding. Thus, it was determined that 
the best way to avoid the effects ofundesirable binding is to prevent it from happening in 
the first place. The area outside the working electrode of the biosensor of the invention 
need not encounter the HRP solution in order to achieve biological sensing. In the prior 
art, however, it is conventional to immerse all three electrodes in aqueous system all the 

25 time and all the reagents would flow through all the surface area. 

The simplest way, discovered by the present inventive entity, to confine certain 
reagents within a well-defined space is to form a well in the biosenser. As shown in Fig. 
5, a microfabricated well is bordered by silicon crystal planes 400 after KOH etching. The 
working electrode 420 defined by a lift-off process covers the whole well surface. Thus, a 

30 reagent or solution containing components capable of non-specific binding (e.g. HRP) 
may initially be confined to the well area to achieve the desired binding to the electrode in 
the well (preferably the working electrode), while avoiding non-specific binding to the 
periphery region of the biosensor. The reagent or solution can then be washed off the 
biosensor and additional reagents and/or solutions later added to complete the sensing 

35 process. 

The importance of surface and material science cannot be underestimated when 
designing a biosensor. An unacceptable amount of non-specific binding may still occur 
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during the washing process while the diluted reagent is flowing around the wafer surface. 
The time for the wash solution containing HRP, for example, to stay on the periphery 
region is much longer than the binding time constant. Therefore, besides fabricating the 
well structure, the surface of the periphery area preferably should be protected by other 
5 mechanisms. 

Thus, another way to keep the surface from contacting undesired reagents or 
binding components is to make it hydrophobic. Silanation of silicon surface is widely used 
to prevent suspended structures from sticking to substrate by surface tension. This 
approach was used here to prevent the direct contact of biomolecules to the periphery area 

10 of the silicon substrate. 

Silane-based molecules with various functional terminal groups have been used to 
modify surface properties of silicon wafers, silicon nitride chips, and atomic force 
microscopy (AFM) tips. Silane compounds for the surface modification form robust 
monolayers chemically tethered to silicon oxide surfaces as a result of hydrolysis of 

1 5 terminal Si(Cl) n or SiO-C 2 H 5 groups. 

The performance of artificial materials in contact with biological systems is 
determined by the surface interactions of the two materials. Since the surface interaction 
could result in noise increasing and structure damage, surface modification is one way to 
avoid this problem. The easiest way is to change the surface property of the structure or by 

20 using plastic. By converting the surface into a biocompatible or bio-inert surface, non- 
specific interaction will be limited to a minimum or eliminated by the fabrication of a 
molecular layer firmly tethered to the surface. The most widely implemented approach 
uses a self-assembly monolayer (SAM) from thiol molecules by chemisorption onto a gold 
surface and silane molecules to form SAM on a silicon oxide surface according to well- 

25 established procedures developed in the 80's mostly by C. D. Bain, and G. M. Whitesides. 
Other materials such as sol gel and carbon paste may also be used to modify the surface. 

In operation, referring now to Fig. 11(a), the reagent is shaped by the hydrophilic 
working electrode and a droplet is nicely formed over the Au working electrode surface. 
Fig. 11(b) demonstrates that with increasing volume of the reagent, the area covered by 

30 the reagent will gradually expand and then cover the other two electrodes. Fig. 11(c) 
shows that when an excess stream of reagent is administered by pipette, a ball 465 of 
reagent will be formed instead of spreading out on the hydrophobic silicon substrate. 

Turning now to Figs. 12 and 13, each individual electrode will be in contact with 
electrolyte and/or analyte and other components 509 only when needed by using 

35 controllable surface property and surface tension force at small scale. Referring now only 
to Fig. 13, for electrochemical detection, all electrodes have to be immersed in the 
electrolyte and/or analyte 509 only at detection time. For most applications, the majority 
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of time is spent on sample preparation as depicted in Fig. 12 to immobilize the electrolyte 
and/or analyte 509 onto working electrode 510. In this embodiment as shown in Figs. 12 
and 13, the coverage of the electrolyte and/or analyte 509 over the electrodes is controlled 
by surface property and reagent volume 520. 
5 Thus, the above embodiments take advantage of surface tension at small scale to 

confine the electrolytes and/or analytes and other components. In addition, the above 
embodiments require much less reagent (in the order of pL to mL); and eliminate the need 
for bulk solution. Furthermore, because of the small amount of reagent use, the above 
embodiments have the advantages of having the analyte close to the electrodes (pm to 

10 mm), whereby adequate exposure of analyte to the electrodes can be achieved using 
diffusion effects alone, and the need for stirring or other mixing is eliminated. Another 
advantage of the above embodiments is the ease of the control and/or change of the 
coverage of electrolyte and/or analyte over the electrodes. Moreover, the above reagent 
and/or solution confinement embodiments reduce the loss of target analytes and improve 

1 5 the sensitivity of the biosensor by greatly reduce non-specific binding. In addition, the 
above embodiments are relatively immune to shaking of the biosensor and are suitable for 
portable or handheld systems. Lastly, due to the surface tension confinement effect, the 
reagent will be held firmly by surface tension even the sensor is flipped upside down. 

Optionally, as shown in Figs. 12 and 13, the biosensor embodiments can be 

20 equipped with a reaction well 530 to help hold the reagent 520 in place and to control the 
shape of the reagent 520. However, such a well 530 is not required and the confinement 
of the reagent 520 can be achieved by a simple flat surface. 

Referring now to Fig, 14, this shows the first step of a preferred fabrication of an 
embodiment of the present biosensor (sensor-chip). As shown in Fig. 14, a layer of silicon 

25 dioxide (Si02, 1000 A) 620 is first deposited on a bare Si wafer 610 (prime grade or test 
grade, p-type or n-type <100>, thickness 500-550 ^tm). The silicon dioxide 620 serves as 
a pad layer underneath the silicon nitride 630 (Si3N4, 1000A) to release stress and improve 
adhesion. 

Next, referring to Figs. 15 and 16, the nitride wafer 600 is patterned (Fig. 15) by 
30 mask 640 and bulk etched using KOH along the [111] and [100] crystal planes (Fig. 16). 
The etching creates a well 650 and the depth of the well 650 (up to 350 \im) is controlled 
by KOH etching time and temperature. 

Referring now to Fig. 17, the nitride 630 and oxide 620 were then removed by HF 
etching to release internal stress, and another oxide 660 layer (5000A) is deposited for 
35 electrical isolation. 

Figs. 18 and 19 show a lift-off process for the fabrication of the necessary 
electrodes. The electrodes for biosensing are patterned on substrate 610 by using PR5214 
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photo resist layer 670 on silicon dioxide layer 660. Next, a mask 671 is used to transfer a 
desired pattern onto photo resist layer 670 by using reverse imaging process (which 
includes the removal unwanted photo resist layer 670). A layer of gold Au (2000A) 680 is 
electron-beam deposited on silicon dioxide layer 660 with the desired photo resist pattern 
5 layer 670. Preferably, a deposition of an adhesive 690, such as chromium (Cr 200A) 
occurs before the deposition of Au(2000A) 680 to improve the adhesion of the Au onto the 
silicon dioxide layer 660. In addition, other materials such as titanium or glue may also 
work as an adhesive. Lastly, referring to Fig. 19, any photo resist 670 and unwanted Au 
680 and Cr 690 are removed by dissolving the photo resist pattern layer 670. 

10 Finally the wafer 600 is bathed in hexamethyldisilazane (HMDS) vapor for three 

minutes after ten minutes of a 150°C hot bake to generate a hydrophobic surface on the 
surrounding silicon areas. 

Preferably, the surface of the biosensor (sensor chip) is modified by a surface 
modification step to prevent non-specific binding. As an example, referring to Fig. 20, a 

1 5 macromolecule biosensor's surface can be modified by the steps of first cleaning the Au 
surfaces 680 with concentrated "Piranha" solution (70 vol% H 2 S0 4 , 30 vol% H 2 0 2 ) and 
thoroughly rinsed with deionized water (dH 2 0). Next, referring to Fig. 20, surface 
modification material such as SAM of biotin-DAD-C12-SH (12-mercapto(8-biotinamide- 
3,6-dioxaoctyl)dodecanamide) Roche GmBH, Germany is deposited. For depositing a 

20 SAM of biotin-DAD-C12-SH), the procedure of Spinke, et al. (1993) was used wherein 
samples were incubated for -18 hours in a 50mM solution of biotin-DAD-C12-SH in 
ethanol with 4.5xlO-4M 1 1-mercapto-l-undecanol (Aldrich Chemical Co., 44,752-8) and 
rinsed with ethanol and water. Finally, referring to Fig. 21, the biotin-coated Au surfaces 
700 were then exposed to a 1.0 mg/ml streptavidin solution for -10 minutes and rinsed 

25 again with dH 2 0 to form a streptavidin-coated Au surface 710. 

A third aspect of the present invention relates to the integration of an entire 
electrochemical (redox) biosensor onto a single integrated circuit (IC) chip. An integrated 
circuit (IC) is defined as a tiny wafer of substrate material upon which is etched or 
imprinted a complex of electronic components and their interconnections. 

30 MEMS devices have distinctive properties as a result of small features but the 

signal level from MEMS-based sensor is relatively low compared to a conventional 
sensor. Sensitivity can be improved by using an off-chip amplification module but it also 
increases the noise and the system size. Thus, the present inventive entity designed an on- 
chip amplification circuitry (amplification circuit incorporated on the biosensor chip itself) 

35 and detection circuitry (such as providing bias potential, current measurement, sequential 
control and signal processing) to reduce the inter-chip interference. Both the detection 
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circuitry and the amplification circuitry can be provided by using bipolar transistor (BJT) 
and/or complementary metal-oxide-semiconductor (CMOS) devices. 

In a present embodiment, an on-chip amplification device is equipped underneath 
the working electrode, which is typically the largest area of the electrochemical sensor 
5 cell. Analogous to the open-base bipolar (BJT) photosensor, the base region receives the 
current from the transducer with the current gain beta p, which ranges from 80-150. There 
are two types of BJT which can be implemented with an electrochemical cell, vertical BJT 
and horizontal BJT. The current gain is determined by the length of base region. In vertical 
BJT, this is a function of ion implementation energy and doping concentration. In 

10 horizontal BJT, the length is a function of lithography resolution, ion implementation 
angle and thermal diffusion. For these reasons the vertical BJT is more reliable in terms of 
chip-to-chip or in-chip gain uniformity. 

Fig. 22 shows in cross-section an embodiment of in-chip amplifier circuitry that 
preferably includes a biosensor comprising three metal electrodes used for electrochemical 

15 sensing. Preferably, the three electrodes are fabricated using integrated circuit (IC) 
processes and have a relatively large area for interconnection and isolation. The entire 
biosensor chip 700 can be stacked in two stages (electrochemical sensing stage 730 and 
bipolar transistor (BJT) amplifying stage 720) and the Au working electrode 710 can act 
as an electromagnetic shield for the BJT device 720. The working electrode contacts 

20 (such as contacts 733, 734, 735, 736, 737 and 738) make contact to a contact interface 740 
and also increase the surface area of the working electrode 710 for higher signal. All 
contact and electrode structures can be made with a single layer of metal such as gold. In 
addition, biosensor chip 700 comprises a silicon substrate 744. Substrate 744 includes a 
base region 743, a collector 742 and an emitter 741. Base region 743 receives electron flux 

25 from working electrode 710. Collector 742 is connected to a power source and provides 
the current gain under certain base conditions for amplification reasons. A resulting 
current from base 743 and collector 742 is then measured at emitter 741. 

Referring still to Fig. 22, metal interconnect 750 is connected to signal output (not 
shown) and emitter 741. Gold working electrode 710 connects to base region 743 through 

30 a first layer 760 of silicon dioxide via etching. A second layer of silicon dioxide 770 
isolates the BJT 720 and signal line while first layer 760 isolates the three electrodes 
(working electrode 710, reference electrode 780, and counter electrode 790). The contacts 
(such as contacts 733, 734, 735, 736, 737 and 738) on working electrode 710 increase the 
surface area and also form a solid contact with BJT 720. The dimension of the contacts 

35 (about a few tenths |im each) is much larger than the size of the optional protein SAM 
(about a few tenths A) on working electrode 710 so the protein adsorption will not be 
affected. 
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Fig. 24 shows a sectional view of another preferred embodiment of a biosensor 
unit 800 representing a preferred embodiment of a plurality of biosensors on a substrate 
805 shown in Fig. 23. As seen in Fig. 24, the biosensor unit 800 comprises a CMOS 
and/or BJT layer 830, an electrochemical layer 840 and a reagent containment layer 850, 
5 and is generally similar to the Fig. 22 embodiment already described. 

Thus, as shown in Figs. 22, 23 and 24, the third aspect of the present invention is 
related to a biosensing system that allows for direct integration without chip-to-chip 
connection of the components in the sensor with other components needed for biological 
detection. The system does not require an external component (instrument) or requires 

10 only a minimum number of external components to constitute a complete system. 
Furthermore, this all-in-one biosensing system reduces the cost and noise level of 
biological sensing and simplifies the process of such sensing. 

Referring now to Fig. 25, which shows an example of how an embodiment of the 
present biosensor (sensor-chip) can preferably be fabricated by integrated circuit (IC) 

15 technology with a CMOS device and/or devices. In addition, a BJT device and/or devices 
(not shown) may also be included. As shown in Fig. 25, an integrated circuit (IC) is 
fabricated on semiconductor substrate 900 with a layer of silicon dioxide 905 with a poly 
silicon gate 907 on top of a active well region 909. Poly silicon gate 907 is fabricated 
from an amorphous silicon and it is used for switching the transistor comprises low 

20 resistance source 917 and drain 919. 

Referring now to Fig. 26, an oxide layer (5000A) 920 is next deposited on the 
substrate 900 for electrical isolation. Referring now to Fig. 27, the silicon dioxide layer 
920 is then selectively etched by using lithography and etching methods to form an 
electric connection hole 940. Referring now to Fig. 28, a conducting plug 950 is then 

25 applied into the contact hole 940. Conducting plug 950 is used as interconnection between 
conductive electrode 960 with low resistance source 917 and/or drain 919. 

Fig. 29 shows a lift-off process for the fabrication of the necessary electrodes. The 
electrodes for biosensing are patterned on substrate 900 by using PR5214 photo resist 
layer 970 on silicon dioxide layer 920. Next, a mask 921 is used to transfer a desired 

30 pattern onto photo resist layer 970 by using reverse imaging process (which includes the 
removal of unwanted photo resist layer 970). A layer 960 of gold Au(2000A) and/or 
Cr(200A) is electron-beam deposited on silicon dioxide layer 920 with the desired photo 
resist pattern layer 970. Lastly, referring to Fig. 30, any photo resist 970 and unwanted 
Au/Cr 960 are removed by dissolving the photo resist pattern layer 970. 

35 Referring now to Fig. 31, this shows an example of how an embodiment of the 

present biosensor (sensor-chip) 1000 can preferably be used to detect an ionic molecule, 
such as iron (Fe). In this embodiment, the sensor surface 1010 is not modified and is 
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ready to use after the post fabrication cleaning as shown in the above fabrication 
embodiment. The analyte used in this embodiment was potassium ferricyanide, 
K 3 Fe(CN)6 (329.26 g/mol), which contains an iron atom in the +3 oxidation state (Fe in ) in 
a buffer solution of potassium nitrate, KNO3 (101.11 g/mol). As shown, in Fig. 31, the 
5 mixed solution 1020 with analytes (or reagent with electrolytes) is applied onto all three 
electrodes (working 1030, reference 1040 and counter electrode 1050). The volume of the 
solution 1020 is adjusted so the droplet is confined over all three electrodes by surface 
tension forces. 

Next, referring to Fig. 32, the Cyclic Voltammetry (CV) current vs. bias potential 
10 was measured using a CH Instruments 660A Electrochemical Workstation with a picoamp 

booster and faraday cage. The potential is swept between 0.1 volt and -0.4 volt and the 

current is measured through working electrode 1030. 

After the measurement, the Au surfaces were cleaned with acetone, alcohol, and 

concentrated "Piranha" solution (70 vol% H 2 S0 4 , 30 vol% H 2 0 2 ) and thoroughly rinsed 
15 with deionized water (dH 2 0) if the sensor 1000 is to be re-used. 

Fig. 33 shows a preferred embodiment for macromolecules (e.g., DNA, RNA, 

protein) detection. Preferably, the detection of the concentration of macromolecules 

(DNA, RNA, protein) does include the sensor surface modification of biotin/Streptavidin 

layer. The sensor surface is modified with a proper biochemical solution to form a 
20 streptavidin layer after the post-fabrication cleaning as shown in the surface modification 

process described above. After the surface of the biosensor 1100 has been modified, the 

amperometric biosensing of pathogen is conducted by first adding 50 ml of lysis reagent 

(0.4 M NaOH) to a 250 ml sample of bacteria solution and incubated for 5 minute at room 

temperature. 100 ml of probe solution (anchoring and signaling probes) was then added, 
25 and the mixture was incubated for 10 min. at 65°C. 5 \iL of the lysed E. coli/probe 

solution mixture 1120 is then placed on the streptavidin coated working electrode 1 130 of 

the biosensor 1 100 and incubated for 10 min. at room temperature. 

Referring now to Fig. 34, the biosensor 1100 is then washed with biotin wash 

solution (Kirkegaard and Perry Laboratories, 50-63-06). Next, 5 fiL 1 140 of Anti-Fl-POD 
30 (Anti-fluorescein peroxidase, 150U, Roche Inc., 1 426 346), diluted to 0.75U/ml or 0.15 

U/ml with dilutant (PBS/0.5%Casein) is placed on the working electrode 1130 and 

incubated for 10 minutes at room temperature. 

Referring now to Fig. 35, the biosensor is then washed again with wash solution. 

After the wash, 10 jiL 1 160 of K-blue substrate (Neogen Corp., 300176) is placed on the 
35 biosensor in such a way that all three electrodes (working 1130, reference 1140, counter 

1 150) are covered by the substrate solution 1 160. 
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Finally, the electrochemical (more specifically the redox) measurements are 
immediately taken. Amperometric current vs. time is measured using a CH Instruments 
660A Electrochemical Workstation with a picoamp booster and faraday cage. Samples on 
the biosensor are to be measured sequentially. The voltage should be fixed at -0.1V (vs. 
5 reference), and a cathodic current (amperometric signal) reading should be taken in 20 
seconds because at 20 seconds, the current values should reach steady-state. Cell 
concentration (cell number) is determined by using serial dilutions and culture plate 
counting. 

After the measurement, the Au surfaces should then be cleaned with acetone, 

10 alcohol, and concentrated "Piranha" solution (70 vol% H 2 S0 4 , 30 vol% H 2 0 2 ) and 
thoroughly rinsed with deionized water ((IH2O) if the sensor 1 100 is to be re-used. 

Preferably, in any of the above biosensor embodiments the biosensor is calibrated 
before actual sample detection. The biosensor is preferably calibrated with a calibrating 
solution that contain a known amount of target analyte(s) and another calibrating solution 

15 that contains an undetectable amount (e.g., none) of the target analyte(s). Optionally, the 
biosensor may be calibrated with a plurality of calibrating solutions. Each of the plurality 
of calibrating solutions respectively contains a known amount of the target analyte. 
Preferably, the calibrating solutions contain the target analytes at different level of 
concentrations. These calibrations solutions are measured on the biosensor by the above 

20 described detection process to obtain a reference signal and/or reference signals. The 
reference signal and/or signals are then compared with the measured signal from a sample 
solution to determine the presence and quantity of the analyte in the sample reagent. The 
determination of the presence and quantity (e.g., concentration or absolute amount) of the 
analyte(s) can be determined by conventional biological interpolation methods. 

25 Appendix A provides additional material to further characterize the present 

invention. 

All references herein to outside literature, including references made within the 
appendix of this application, are hereby incorporated by reference to the extent that they 
supplement, explain, provide a background for or teach methodology, techniques and/or 
30 compositions employed herein. In addition, the references listed below are also 
incorporated herein by reference to the extent that they supplement, explain, provide a 
background for or teach methodology, techniques and/or compositions employed herein. 

References: 

"USAF PAMPHLET ON THE MEDICAL DEFENSE AGAINST BIOLOGICAL 
35 MATERIAL - Medical Defense Against Biological Material" Defense Technical 
Information Center, released on 1 1 Feb 1 997 
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Appendix A: 

Micro Total Analysis System 2000 Manuscript 
Enzyme-Based Electrochemical Biosensor with DNA Array Chip 

Abstract 

5 A reusable DNA sensor array for rapid biological agent detection has been 

fabricated on a silicon chip.(Fig.l) The DNA-based probes target the DNA/RNA sequence 
of the analyte instead of indirect probing using antibodies. The sensitivity is greatly 
enhanced by combining the hybridization event with a signal enzyme. The formation of 
the self-assembled monolayer sensor surface, in-situ DNA hybridization, signal measuring 
10 and the sensor regeneration can be performed within 40 minutes. Even without using the 
PCR, as low as 1000 Escherichia coli (E. coli) cells through 16s rRNA can be detected 
using this sensor array.(Fig.2) The dimension of each sensor area ranges from 25 mm to 
1 60 |im 2 . 

Keywords: Electrochemical sensor, Microelectromechanical system (MEMS), 
1 5 Self-assembled monolayers (SAMs), DNA hybridization 




Cell number 

Pig. 1 DNA sensor array chip Kg. 2 Sensitivity and specificity check 



1. Introduction 

The enzyme-based electrochemical biosensor is primarily motivated by the need 
for a highly sensitive and selective protocol capable of rapid monitoring the concentration 
20 of bacteria, virus or various biological species for field use. Such a protocol would operate 
remotely, and would be fully automated, compact, and robust [1]. Therefore the 
electrochemical transducer with minimum power consumption and smaller size is 
preferred over the optical system [2]. High specificity can be achieved by using DNA 
hybridization to reduce false positive and false negative signals. DNA electrochemical 
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biosensors have been previously reported [3,4] using graphite or carbon electrodes. 
Carbon-based electrodes, however, are generally not adaptable to MEMS technology 
when small (<M-m) dimensions are needed. In this study, Au is used as electrodes, with a 
protein self-assembled monolayer (SAM) to capture the E. coli rRNA. An enzyme is used 
as a biological amplifier in this study to gain the high sensitivity without PCR. A 
sensitivity and specificity check for E. coli MC4100 versus Bordetella SB54 is shown in 
Fig.2. 

2. Detection Principle 

HRP is one of the most widely used enzymes for analytical purposes and 
biosensors application [5]. Enzymatic amplification occurs due to a high turnover number 
in reactions that can be detected electrochemically. We describe here an amperometric 
biosensor based on horseradish peroxidase (HRP) with SjS'SjS'-tetramethylbenzidine 
(TMB) as a mediator. (Fig.3) The electron transfer at the electrode surface is measured 
amperometrically to represent the number of the enzymes immobilized by DNA 
hybridization though the 16s ribosomal RNA of the target cell. Therefore, the output 
current is proportional to the number of the target cells in the solution. 




P R : Reduced Peroxidase , P 0 : Oxidized Peroxidase 
M 0 : Oxidized Mediator , M R : Reduced Peroxidase 

lig. 3 Electron transport of HRP enzymatic reaction 



3. Experimental 

A three-electrode electrochemical cell is constructed with a micro-fabricated 
20 reaction well for the working electrode (Fig.4a). Gold (Au) is deposited as a conducting 
layer and SisN^SiOa as an isolation layer. (Fig.4b) The surrounding Si surface is modified 
to be hydrophobic. The three dimensional reaction well along with the hydrophobic nature 
of the surrounding area allows a liquid droplet to be well contained in the working 
electrode. This design minimizes non-specific binding of biomolecules to other areas of 
25 the sensor chip. The Au working electrode has a monolayer of streptavidin immobilized 
on the surface via a thiolated-biotin SAM or through direct protein adsorption onto the 
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gold. (Fig.4c). A sample solution containing E. coli is treated with lysis buffer, the target 
DNA/RNA from the E. coli cells are hybridized with both an anchoring ssDNA probe and 
a labelling ssDNA probe at annealing temperature (~65°C) in the presence of cell debris. 
(Fig.4d) The anchoring probe (conjugated to biotin) and the labelling probe (conjugated 
5 to fluorescein) recognize two distinct conservative sequences, therefore, the hybrid forms 
only with, the specific gene segment from the target bio-agent. The oligonucleic hybrid is 
then immobilized through biotin-streptavidin binding onto the working electrode and 
unbound components are washed away. A HRP-linked anti-fluorescein antibody is then 
loaded onto each hybrid (Fig.4e). After addition of substrate, enzymatic reaction causes a 
10 current signal which is measured amperometrically using the three-electrode cell. (Fig.4f) 
The entire protocol is completed in 40 minutes. 




Fig. 4 Sensor unit process flow 

4. Experimental Results 

1 5 The S AMs on the DNA sensor were characterized by surface plasmon resonance 

(SPR) and atomic force microscopy (AFM) to determine whether only a monolayer was 
deposited and also to determine the kinetics of protein deposition. From this data, the time 
scale required for in situ sensor surface formation in the integrated fluidic system can be 
ascertained. Two different methods were used to deposit the streptavidin SAM, one using 

20 a thiolated biotin and the other using direct protein adsorption. In both cases, SPR data 
shows that only one monolayer was deposited on the surface (Fig.5). A crystalline 
monolayer of streptavidin has an expected surface coverage of 2.8 ng/mm 2 [6]. Our 
results indicate that a full monolayer was obtained using the thiolated biotin and -80% 
coverage was obtained by direct protein absorption. Moreover, protein binding/adsorption 

25 occurs within -10 seconds. 
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Fig. 5 Surface Plasmon Resonance of Streptavidin on Biotin-SH/Au or Bare Au 



Atomic Force Microscopy (AFM) was performed in the contact mode using 
ultralever tips with a force of 5.0nN. The Au substrate was prepared following the method 
of Wagner, et al. [7]. The bare Au has topographic features <10A (Fig.6a) and contact 
AFM of a "full" monolayer showed a smooth surface with evidence of protein dragging 
(Fig.6b). The height of protein islands on a "partial" monolayer was -45 A, consistent with 
the dimensions of the streptavidin protein. The AFM observations confirm the SPR results 
that only one monolayer was deposited. 
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Fig. 6 AFM of SAM formation on Au. (a) ^are Au only (b) full coverage witH protein 
dragging (c) partial coverage with protein islands. 



10 5. Conclusions 

The combination of MEMS technology with established DNA technology leads to 
a highly specific and sensitive detector for pathogenic bacteria. Biological identification 
using electrochemical detection with SAMs was successfully incorporated into a silicon 
wafer with a sensitivity that can detect less than 1 ,000 E. coli cells. 
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ASME paper 

OptimiZAtion of DNA microsensor arrays for biological detection 

L Abstract 

This paper describes the characterization and optimization of a reusable DNA 
microsensor array for rapid biological agent detection developed in previous publications. 
(Fig.l) [1-3] This MEMS based DNA sensor utilizes a standard three-electrode 
electrochemical cell configuration with novel micro fabricated structure design to 
minimize non-specific binding. The sensor module is easily to be adapted to various 
protocols and can be used for rapid detection of macromolecules (DNA, RNA) from 
targets such as uropathogenic Escherichia coli (E. coli) in urine and microorganisms 
causing otitis media (middle ear infection). Less than 10 5 E. coli cells can be detected from 
the urine sample of a patient with urine tract infection. The sensitivity is enhanced by 
appropriate sensor characterization and surface modification. The total detection time 
including sample preparation can be reduced to 25 minutes by using a POD conjugated 
oligonucleotide. 
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ii. Introduction 

Conventional electrochemical detection is not quite compatible with MEMS 
technology and fabrication processes due to system requirements and configuration. An 
electrochemical cell must consist of at least two electrodes (working electrode, reference 
5 electrode) and an electrolyte. An electrochemical electrode is an interface at which the 
mechanism of charge transfer changes between electronic transport and ionic transport. [4] 
An electrolyte is a medium through which charge transfer can take place by the movement 
of ions. Electrochemical detection requires a second unvarying potential supplied by a 
reference electrode, forming a half battery. A typical reference electrode is Ag/AgCl. 

10 Currently, it is difficult to fabricate this reference electrode on a silicon substrate. Most 
MEMS based electrochemical sensors focus on micro fabrication of only the working 
electrode. This work investigates the characteristics and application of a MEMS based 
electrochemical sensor on silicon fabricated by standard MEMS processes. Testing of 
clinical urine samples with DNA hybridization on the electrochemical sensor demonstrates 

15 that MEMS based sensor on silicon can be used for biomedical detection. 

iii. Detection scheme 

Nucleic acid molecules (RNA/DNA) from chemically disrupted target cells are 
hybridized with both an anchoring ssDNA probe (conjugated to biotin) and a labeling 
ssDNA probe (conjugated to fluorescein) in the presence of cell debris. (Fig.2a) These two 

20 probes recognize two distinct conservative sequences, and therefore, the hybrid forms only 
with the specific genetic segment from the target bio-agent. The oligonucleic hybrid is 
then immobilized through biotin-streptavidin binding onto the working electrode and 
unbound components are washed away. (Fig.2b) A peroxidase (POD)-linked anti- 
fluorescein antibody is then loaded onto each hybrid. (Fig.2c) After addition of substrate 

25 with a mediator (tetramethylbenzidine, TMB), enzymatic reaction causes a current signal 
which is measured amperometrically from the REDOX reaction shown in Fig.3. The entire 
protocol can be completed in 40 minutes and the sensor reactivated after a cleaning 
process. 

iv. Sensor characterization 

30 Most biosensor chips utilize off-chip optical detection. Our work is directed at on- 

chip electrochemical detection with sensor optimization and surface modification for 
signal-noise-ratio improvement. MEMS technology makes possible the development of 
miniaturized electrochemical cells since conductive metallic electrodes in small 
dimensions can be accurately deposited and patterned on a silicon substrate. From our 

35 studies, Au was a suitable candidate for all three electrodes (working, auxiliary, and 
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reference), and characterization of the Au/Au/Au electrode cell using a well-known one- 
electron system such as ferrocene confirmed that classic reversible one-electron transfer 
was obtained. 

v. Cyclic voltammetrv 
5 Cyclic voltammetry for reversible one-electron transfer of ferrocene is 

characterized by a peak separation of -57 mV between the anodic and cathodic peaks, the 

1/2 

same peak maximum, and a linear relationship between peak current vs. [scan rate] [4]. 
As seen in Figure 4, voltammograms of ferrocene using MEMS based electrochemical 
sensor at different scan rates show the expected behavior and a plot of the peak current at 
10- peak maximum vs. [scan rate] ,/2 is linear. Further characterization of the electrochemical 
cell using peroxidase confirmed that enzymatic amperometry is also feasible. Cyclic 
voltammetry conducted on the mediator shows a two-electron redox transfer, as expected 
for TMB (Fig 5), and addition of the peroxidase enzyme results in an increase in the 
reduction current that can be clearly measured at -0. IV bias potential. 

15 vi. Reduction of non-specific bonding 

The sensor surface has a protein self-assembled monolayer to capture the target 
RNA/DNA onto the working electrode, and the SAMs have been characterized by atomic 
force microscopy (AFM) and surface plasmon resonance (SPR). [2] The signal-to-noise 
can be improved significantly by appropriate surface modifications to reduce non-specific 

20 binding. The first approach is to introduce a surface blocking protein to eliminate 
potential bonding sites for non-specific binding. (Fig 6) The second approach is adding a 
hydrophobic modification of the periphery region with silanation treatment or thin-film 
coatings of Teflon® or polyimide. With the hydrophilic nature of protein-covered Au 
working electrode, reagents will be confined to the working electrode only, minimizing 

25 deposition of enzyme to the periphery and other two electrodes. (Fig 7,8) In both cases, 
noise due to non-specific binding was reduced. Typically, the second approach 
(hydrophobic modification) is used in MEMS fabrication and the first one is incorporated 
into probe reagent. 

vii. Protocol simplification 
30 Sample preparation is the most time consuming step for most biosensors. Any 

additional protocol steps will require more fluidic devices and a longer detection time. A 
simplified protocol is shown in Fig.9 whereby the step of the enzyme loading with POD 
conjugation onto detector DNA probe is eliminated. The hybridization condition was 
controlled to retain the enzymatic activity of POD after heating to 65°C. The protocol can 
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then be shortened fro m 40 to 25 minutes while reducing the required number of reagents 
by one. 

viii. Result 

Previous work has demonstrated the sensitivity of micro DNA sensor to be rlO E. 
5 coli cells. Recent data show it has the capability to detect less than 10 E. coli cells from 
cell culture at stationary stage through ribosomal RNA content. The sensor was then 
subjected to clinical urine sample from Division of Infectious Disease at UCLA for 
testing. As shown in Figure 10, the minimum detectable cell number of E. coli in urine 
sample is 10 5 from our preliminary result without isolation. Sensitivity with urine sample 
10 can be improved with further optimization. Another type of bacteria, Bordetella, was used 
as a negative control and all E. coli samples, including dilutions, have higher signal than 
the negative control. 

Micro DNA sensor can be used for electrochemical detection without utilizing a 
conventional reference electrode because the bias potential is reasonable low (-0.1V) and 
15 the detection is short enough (20 seconds) to avoid the accumulation of charge at auxiliary 
electrode. This was confirmed with voltammograms of ferrocene and POD solution. 

We have demonstrated that micro DNA sensor can be used for electrochemical 
detection of pathogens such as E. coli. The Au/Au/Au three electrode cells patterned on 
silicon by MEMS technology were successfully used in amperometric measurement of 
20 enzymatic reactions. These sensors show promise that they can be incorporated into micro 
total analysis system (fi-TAS) or "Lab on a Chip". 

ix. Conclusion 

A micro DNA sensor was fabricated that can detect enzymatic reaction 
amperometrically and was characterized by using cyclic voltammetry with ferrocene and 
25 POD to demonstrate the capability of conducting electrochemical detection without a 
conventional Ag/AgCl electrode. Noise reduction was accomplished by surface 
modification and introducing blocking protein. The structural design of a well in the 
working electrode and surface treatment on silicon substrate enable reagent confinement 
over the working electrode. The reagent-electrode contact can be controlled to reduce non- 
30 specific binding, not possible with a conventional beaker setup. Urine sample testing 
shows this DNA sensor is suitable for clinical diagnosis with a short detection time and 
smaller system size. 
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(a) 4 sensors with surface feature to 
increase surface-volume-ratio 
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A MEMS BASED AMPEROM ETRIC DETECTOR FOR E. COLI BACTERIA 

USING SELF-ASSEMBLED MONOLAYERS 

Abstract 

We developed a system for amperometric detection of Escherichia coli (E. coli) 
5 based on the integration of microelectromechanical systems (MEMS), self-assembled 
monolayers (SAMS), DNA hybridization, and enzyme amplification. Using MEMS 
technology, a detector array was fabricated which has multiple electrodes deposited on a 
Si wafer and was fully reusable. Using SAMs, a monolayer of the protein streptavidin was 
immobilized on the working electrode (Au) surface to capture rRNA from E. coli. Three 
10 different approaches can be used to immobilize streptavidin onto Au, direct adsorption of 
the protein on bare Au, binding the protein to a biotinylated thiol SAM on Au, and binding 
the protein to a biotinylated disulfide monolayer on Au. The biotinylated thiol approach 
yielded the best results. High specificity for E. coli was achieved using ssDNA-rRNA 
hybridization and high sensitivity was achieved using enzymatic amplification with 

4 

15 peroxidase as the enzyme. The analysis protocol can be conducted with solution volumes 
on the order of a few microliters and completed in 40 minutes. The detection system was 
capable of detecting 1000 E. coli cells without polymerase chain reaction with high 
specificity for E. coli vs. the bacteria Bordetella bronchiseptica. 

Key words: 

20 Microelectromechanical systems (MEMS), self-assembled monolayers (SAMs), 

amperometric detection, Escherichia coli bacteria, DNA hybridization 

1 . Introduction 

A variety of biosensors, both optical and electrochemical, have been developed for 
the detection of pathogenic bacteria (Ivnitski, et al., 1999, 2000). While conventional 

25 methods for detecting bacteria usually involve a morphological evaluation of the 
organisms as well as testing their ability to grow, such methods are very time consuming 
and are not feasible under field conditions. The need for rapid detection as well as 
portability has led to the development of systems that couple pathogen recognition with 
signal transduction. Both optical and electrochemical detection of bacteria have been 

30 reported, although electrochemical methods have an advantage in that they are more 
amenable to miniaturization (Ivnitski, et. al, 1999, T. Wang, et. al., 2000). Requirements 
for an ideal detector include high specificity and high sensitivity using a protocol that can 
be completed in a relatively short time. Moreover, systems that can be miniaturized and 
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automated offer a significant advantage over current technology, especially if detection is 
needed in the field. 

Microelectromechanical systems (MEMS) technology provides transducers to 
perform sensing and actuation in various engineering applications. The significance of 
5 MEMS technology is that it makes possible mechanical parts of micron size that can be 
integrated with electronics and batch fabricated in large quantities. MEMS devices are 
fabricated through the process of micromachining, a batch production process employing 
lithography. Micromachining relies heavily on the use of lithographic methods to create 
3 -dimensional structures using pre-designed resist patterns (or masks) and then selectively 

10 etching the undesirable parts away (Ho and Tai, 1996, 1998). MEMS is an enabling 
technology for making miniaturized devices, and in this work, we integrate MEMS 
technology with biosensing methods to detect E. coli bacteria. 

One of the most effective means of achieving high specificity is to detect the 
bacteria's genetic material (e.g. rRNA, mRNA, denatured DNA). By choosing a single- 

15 stranded DNA (ssDNA) probe whose sequence is complementary only to the target 
bacteria's rRNA or ssDNA, monitoring the hybridization event allows selective sensing of 
target cells. To maximize sensitivity, coupling the hybridization event with an enzymatic 
reaction leads to signal amplification, as each substrate-to-product turnover contributes to 
the overall signal. Bioassays to detect DNA hybridization that are amplified by enzymatic 

20 reaction can still be completed within a reasonably short time. Finally, the miniaturization 
and portability inherent in electrochemical probes make them excellent candidates for 
incorporation in MEMS devices. 

We developed a prototype amperometric detector for Escherichia coli (E. coli) 
based on combining several well-established technologies into one detection system 

25 (Chen, et. al., 2000, Gau, et. al., 2000). The technologies of MEMS, self-assembled 
monolayers (SAMs), DNA hybridization, and enzyme amplification all contribute to the 
design of a miniaturized, specific, and sensitive E. coli detector. DNA electrochemical 
probes have been reported previously (Wang, et al., 1997, Marrazza, et al., 1999), with 
graphite or carbon electrodes typically used. Commercial units for amperometric 

30 detection of DNA from E. coli using screen-printed carbon electrodes on disposable test 
strips are also available (Andcare Inc., Durham, NC). Screen-printing has the advantage 
of low cost, but achieving high dimensional precision is not easy . Using lithography, thin 
films of a wide range of materials, including metals (Au, Ag) and carbon, can be 
accurately patterned in Jim size dimensions. Moreover, SAMs is an elegant method of 

35 selectively immobilizing molecules on MEMS surfaces. The bonding of SAMs to Au, Ag 
and other metals has been well studied (Revell, et al., 1998, Motesharei, et al., 1998, Xia, 
et al., 1998, Lahiri, et al., 1999), and proteins and other biomolecules can be easily 
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immobilized onto surfaces such as Au using SAMs (Ostuni, et al., 1999, Kane, et al., 
1999, Spinke, et al, 1993, Haussling, et al., 1991). Moreover, amperometric methods 
using SAMs on electrodes have demonstrated the ability to detect target analytes 
successfully (Sun, et al., 1998, Hou, et al., 1998, Murthy, et al., 1998). 
5 In our E. coli detection system, we take advantage of the benefits inherent in each 

technology. Using DNA hybridization and enzyme amplification, we achieve the required 
specificity and sensitivity. Using MEMS and SAMs, we fabricate a miniaturized system 
that can lead to a portable instrument. Finally, we demonstrate that the present detection 
system is applicable to a broad range of pathogenic bacteria. For example, the detection 
10 module and assay protocol can be adapted to detect uropathogenic E. coli and 
identification of microorganisms causing otitis media (middle ear infection). 

2. Experimental 

2. 1 . MEMS detector array 

A layer of silicon dioxide (SiC>2, 1000A) was deposited on a bare Si wafer (prime 

15 grade, p-type <100>, thickness 500-550p,m) and served as a pad layer underneath the 
silicon nitride (Si3N 4 , 1000 A) to release stress and improve adhesion. MEMS arrays were 
fabricated with working electrodes of 3.6mm x 3.6 mm etched to form wells of 350p.m 
depth. The nitride wafer was patterned and bulk etched using KOH along [111] and [100] 
crystal planes, and depth of the well was controlled by KOH etching time and temperature. 

20 The lOOjxm wide auxiliary and reference electrodes are separated from their corresponding 
working electrode by 200jim. Figure 1 shows a schematic of the pattern used in 
generating the MEMS array. The nitride and oxide were removed by HF etching to 
release internal stress, and another oxide layer (5000A) was deposited for electrical 
isolation. Electrodes were patterned by PR5214 photo resist reverse imaging and lift-off 

25 process with e-beam deposition of Au(2000A)/Cr(200A). Finally the wafer was bathed in 
hexamethyldisilazane (HMDS) vapor for three minutes after ten minutes of a 150°C hot 
bake to generate a hydrophobic surface on the surrounding Si areas. The hydrophobic 
nature of the surrounding area along with the 3-dimensional nature of the working 
electrode allows containment of a liquid droplet in the working electrode. This design 

30 effectively minimized non-specific binding of biomolecules to other areas of the MEMS 
array. 



2.2. Deposition of streptavidin SAMs on Au 

Three different methods were used to deposit streptavidin monolayers on Au: 1) 
directly adsorbing streptavidin on bare Au, 2) depositing a SAM of a biotinylated thiol, 
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biotin-DAD-C12-SH, and subsequently binding streptavidin, 3) depositing a SAM of a 
biotinylated disulfide, biotin-HPDP, and subsequently binding streptavidin. In all cases, 
the Au surfaces were cleaned with concentrated "Piranha" solution (70 vol% H 2 S04, 30 
vol% H2O2) and thoroughly rinsed with deionized water. For depositing streptavidin on 

5 bare Au, a solution of 1.0 mg/ml streptavidin (Sigma Chemical Co., S0677) in 0.02M Na 
phosphate buffer, 0.1 5M NaCl, pH 7.2, was placed on the surface, allowed to stand for 10 
minutes, and rinsed with deionized water. For depositing a SAM of biotin-DAD-C12-SH 
(12-mercapto(8-biotinamide-3,6-dioxaoctyl)dodecanamide, Roche GmBH, Germany), the 
procedure of Spinke, et al. (1993) was used wherein samples were incubated for -18 hours 

10 in a 50^iM solution of biotin-DAD-C12-SH in ethanol with 4.5x10"^ 11-mercapto-l- 
undecanol (Aldrich Chemical Co., 44,752-8) and rinsed with ethanol and water. The 
biotin-coated Au surfaces were then exposed to a 1.0 mg/ml streptavidin solution for -10 
minutes and rinsed again with water. For depositing a SAM of biotin-HPDP, (N-[6- 
(biotinamido)hexyl]-3 , -(2'-pyridyldithio)propionamide, Pierce Inc., 21341) samples were 

15 incubated for -18 hours in a 50jxM biotin-HPDP solution in ethanol (with or without 
4.5xlO" 4 M mercaptopropanol) arid rinsed with ethanol and water. The surfaces were then 
exposed to a 1.0 mg/ml streptavidin solution for -10 minutes and rinsed again with water. 

2.3 Assay protocol for amperometric detection of E. coli 

The assay protocol was conducted as follows: 1) 50 \il of lysis reagent (Andcare 

20 Inc., 4002-1 1) was added to a 250 |xl sample of bacteria in culture media and incubated for 
5 min. at room temperature, 2) 100 |ll of probe solution (Andcare Inc., 4002-13) was then 
added and the mixture was incubated for 10 min. at 65°C, 3) 5 \i\ of the lysed E. coli/probe 
solution mixture was placed on the streptavidin coated working electrode of the MEMS 
detector array and incubated for 10 min. at room temperature, 4) the MEMS detector array 

25 was washed with biotin wash solution (Kirkegaard and Perry Laboratories, 50-63-06), 5) 5 
|Xl of Anti-Fl-POD (Anti-fluorescein peroxidase, 150U, Roche Inc., 1 426 346), diluted to 
0.75U/ml or 0.15 U/ml with diluant (Andcare Inc., 4002-14) was placed on the working 
electrode and incubated for 10 minutes at room temperature, 6) the MEMS array chip was 
washed again with wash solution, 7) 10 fxl of K-blue substrate (Neogen Corp., 300176) 

30 was placed on the detector array in such a way that all three electrodes (working, auxiliary, 
reference) were covered by the substrate solution, and 8) electrochemical measurements 
were immediately taken. The entire protocol was completed within 40 minutes. 
Amperometric current vs. time was measured using a CH Instruments 660A 
electrochemical workstation with picoamp booster and faraday cage. Samples on the 

35 MEMS detector array were measured sequentially. The voltage was fixed at -0.1V (vs. 
reference), and the cathodic current at 20 seconds was taken as the amperometric signal. 
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At 20 seconds, current values reached steady-state. Cell concentration (cell number) was 
determined using serial dilutions and culture plate counting. 

2.4 Characterization of Self-Assembled Monolayers 

The performance of the detector depends heavily on the properties of the 
5 immobilized streptavidin monolayer. We performed surface plasmon resonance (SPR, 
Biacore X system, Biacore, Inc.) and atomic force microscopy (AFM) to characterize the 
monolayers. For SPR studies of streptavidin binding to bare Au, bare Au chips (Jl sensor 
chips) were used. For studies of streptavidin binding to biotin-DAD-C-12-SH/Au or 
biotin-HPDP/Au, the biotin SAM was deposited on the bare Au chips as previously 

10 described before the SPR experiments. For best results, new chips were cleaned with 
diluted H2SO4/H2O2 solution for -2 min. before performing SPR with bare Au or 
depositing the biotin SAM. In all cases, 1.0 mg/ml streptavidin in 0.02M Na phosphate, 
0.15 M NaCl, pH 7.2 buffer was used. In adsorption experiments with streptavidin on 
bare Au, flow rates ranged from 1 to 5 |xl/min. In the experiments with streptavidin and 

15 biotin-DAD-C12-SH/Au, flow rates ranged from 10 to 25 pl/min. In experiments with 
streptavidin and biotin-HPDP/Au, flow rates ranged from 5 to 10 jil/min. In the 
desorption experiments, 25 jxl of the following solutions were flowed sequentially through 
the channels at 25 |xl/min (total exposure time of 1 min.): 1.0M KC1, 8M urea, 0.5% SDS, 
0. 1 M HC1, 0. 1 M NaOH, and 40 vol% formamide. 

20 AFM (AutoProbe CP, Thermomicroscopes, Inc.) was performed in the contact 

mode using ultralever tips with a force of 5.0nN. To ensure a flat Au surface, the method 
of Wagner, et al. (1995) was used wherein Au was first deposited via e-beam evaporation 
on mica and then transferred to Si. In our case, the mica was cleaved to cleanly remove it 
from the Au without the use of solvent. 

25 3 Results 

3.1 Microelectromechanical system (MEMS') 

Figure 2 shows a photograph of the MEMS detector array. Sixteen working 
electrodes with their corresponding auxiliary and reference electrodes were patterned in a 
2.8 cm x 2.8 cm area. The detector array was fully reusable as the surface can be cleaned 
30 using H2SO4/H2O2 solutions. We have reused the same MEMS detector array multiple 
times by appropriately cleaning the surface and redepositing the SAMs on the working 
electrode. 
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3.2 E. coli Detection Using DNA Hybridization 

In our MEMS system, E. coli detection is based on DNA hybridization followed by 
enzymatic reaction. A schematic illustrating the electrode surface is shown in Figure 3. A 
streptavidin monolayer is immobilized on the Au working electrode surface to capture the 
5 rRNA from E. coli. Two ssDNA segments are used in this system. The capture ssDNA, 
which is conjugated to biotin for streptavidin binding, hybridizes to one end of the E. coli 
rRNA. The detector ssDNA, which is conjugated to fluorescein for binding to anti- 
fluorescein linked to the enzyme peroxidase (POD), hybridizes to the other end of the E. 
coli rRNA. The capture and detector ssDNA recognize two distinct conservative 

10 sequences, and therefore, the hybrid forms only with the specific gene segment from E. 
coli. The oligonucleic hybrid is immobilized through biotin-streptavidin binding onto the 
Au working electrode and unbound components are washed away. Streptavidin binds 
biotin with unusually high affinity (K<i ~10" 15 M) (Weber, et. al, 1989). After loading the 
POD onto the hybrid (through Anti-Fl-fluorescein binding), substrate is added and 

15 enzymatic reaction is detected amperometrically. The substrate solution contains both the 
substrate H2O2 and a mediator, 3,3',5,5'tetramethylbenzidine (TMB). The enzyme and 
electrode reactions are depicted in Figure 4. 

3.3 Streptavidin Self Assembled Monolayers for rRNA Capture 

We used three different approaches to immobilize a streptavidin monolayer on the 
20 electrode surface, as shown in Figure 5. In the first approach, a streptavidin monolayer 
was deposited on bare Au via protein adsorption. In the second approach, a SAM of biotin 
was deposited on the Au using a biotinylated thiol and streptavidin was subsequently 
bound to the biotin. In the third approach, a SAM of biotin was deposited on the Au using 
a biotinylated disulfide and streptavidin was subsequently bound to the biotin. 

25 3.4 Characterization of Streptavidin Monolayers 

The streptavidin monolayers were characterized using both surface plasmon 
resonance (SPR) and atomic force microscopy (AFM). SPR has been demonstrated to be 
a viable technique for monitoring interactions of molecules with metallic (Au, Ag) thin 
films at the solution-metal interface. This technique can be used to estimate the thickness 

30 of a deposited layer as well as to measure the kinetics of association and dissociation 
(Haussling, et al., 1991, Spinke, et al., 1993, Sigal, et al., 1996, Rao, et al., 1999, Jung, et 
al., 1999). We performed SPR to monitor deposition of streptavidin on Au using all three 
approaches. SPR results are shown in Figure 6. Based on calibrations by the 
manufacturer (Biacore), 1000 resonance units (RU) in the SPR signal is equivalent to a 

35 change of -1 ng/mm 2 in surface protein concentration. Streptavidin has dimensions of - 
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55 x 45 x 50 A (Darst, et al., 1991). A ftill monolayer of streptavidin has an expected 
density of -2.8 ng/mm 2 , calculated based on a 2-dimensional crystalline monolayer (Jung, 
et al., 1999, Darst, et al., 1991). From Figure 6, essentially a complete monolayer of 
streptavidin was deposited on the biotinylated thiol SAM/Au (-3000 RU), -80% 
5 "coverage" was obtained with streptavidin deposited on bare Au (-2400 RU), and -52% 
"coverage" was obtained with streptavidin deposited on the biotinylated disulfide 
SAM/Au (-1550 RU). For the biotinylated disulfide, the presence of mercaptopropanol in 
the solution had a negligible effect on surface coverage as SPR signal increased only 
-10% (-1700 RU, data not shown). In all cases, additional protein deposition upon a 

10 second injection of protein solution was minimal. Moreover, flow rates had negligible 
effects on the rate or amount of protein deposited. The SPR results indicate that in all 
three approaches, only a monolayer of streptavidin, and not multilayers, was deposited on 
the Au. Finally, these results establish that most of the streptavidin-biotin binding and 
streptavidin adsorption on bare Au occurs within seconds and can be completed on. the 

15 order of minutes. 

* 

We performed experiments to determine whether streptavidin can be desorbed, i.e. 
whether streptavidin can be dissociated from the bare Au or from binding to biotin to 
regenerate the surface. Table I lists the loss in SPR signal (RU) after treatment with 
various reagents that are known to dissociate protein-ligand binding and/or denature 

20 proteins. As seen in Table I, only 8M urea, 0.5% SDS, and 0.1M NaOH were somewhat 
effective in desorbing streptavidin from the surface. 1.0M KC1, 0.1M HC1, and 40% 
formamide were not effective. Streptavidin could not be completely desorbed by any of 
the reagents, and some protein remained after subjecting the surface to all reagents. These 
results show that streptavidin had rather good binding to both the biotin SAM as well as to 

25 bare Au and that the streptavidin monolayers were relatively stable. 

The use of AFM enables us to further characterize the surface by imaging 
streptavidin directly adsorbed on bare Au. Bare Au had topographic features <10 A, 
whereas protein islands on a "partial" monolayer was -45 A, consistent with the 
dimensions of streptavidin (Figure 7). The AFM results confirm the SPR findings that 

30 only one monolayer was deposited on the Au. AFM in the contact mode for a "full" 
protein monolayer showed a featureless surface with evidence of protein dragging (data 
not shown), and therefore, did not provide any additional information as to surface 
coverage. As previously reported, monolayer deposition is also obtained when using 
biotinylated SAMs and subsequently binding streptavidin (Spinke, et. AL, 1993, Jung, et. 

35 AL, 1999). 
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3.5 Electrochemical Measurements with MEMS Detector Array 

In our MEMS detector array, we used a three-electrode system with Au for all 
three electrodes, i.e. working, auxiliary, and reference electrodes. Typically, Ag/AgCI or 
saturated calomel electrode (SCE) is used as the reference electrode so that reversible 
5 oxidation/reduction at fixed potential occurs at the reference electrode. In our MEMS 
detector array, however, we used Au as the reference electrode to simplify fabrication and 
to permit a fiilly reusable array. Maintaining a constant potential is made possible by the 
use of a 3-electrode system (vs. a 2-electrode system). In our particular application where 
the reduction of TMB was monitored, Au can be successfully used as the reference 
10 electrode because a low voltage difference (-0.1V) was maintained for short periods of 
time (<1 min). 

We characterized the Au/Au/Au electrode system for electrochemical detection by 
two separate experiments. In the first experiment, a ferrocene film was placed on the 
electrodes and cyclic voltammetry was conducted to monitor the redox reactions. Cyclic 
15 voltammetry for a classic reversible one electron transfer is characterized by a peak 
separation of -57 mV between the anodic and cathodic peaks, the same peak currents at 

1/2 

peak maximum, and a linear relationship between peak current vs. [scan rate] (Hall, 
1991). Figure 8 shows the voltammograms obtained with ferrocene at different scan rates. 
As seen in Fig. 8, classical redox behavior was observed and a plot of the peak current vs. 

20 [scan rate] 172 is linear (Figure 9). 

In a second experiment with the Au/Au/Au electrode system, cyclic voltammetry 
was conducted on the substrate solution only (H 2 0 2 + TMB) and then again on the same 
solution with POD enzyme. Cycling between -0.2V to +0.50V at a scan rate of 10m V/s, 
the substrate solution showed the two electron redox behavior of TMB (Figure 10). The 

25 addition of POD to the substrate solution resulted in an increase in the reduction current. 
A constant potential of -0.1 0V (vs. reference) was then selected for measurement of POD 
enzymatic activity. At this potential, the current background was near zero and no 
substrate oxidation occurred. This potential was optimum for enzymatic activity 
determination in which a small amount of product (oxidized TMB) was to be measured in 

30 the presence of high concentrations of substrate. 

3.6 Detection of E. coli 

For the amperometric detection of E. coli rRNA, we first compared the 
performance of the three different streptavidin monolayer surfaces. Streptavidin was 
immobilized on the Au using the three different approaches previously described, and the 
35 assay protocol was conducted for the bacteria E. coli and Bordetella bronchiseptica 
(Bordetella). Since the ssDNA probes are specific for E. coli, the Bordetella bacteria 
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served as the negative control sample. The purpose of this experiment was to compare the 
efficacy of the immobilized streptavidin to capture the biotin-rRNA-POD hybrid. Two 
concentrations of E. coli were used, with one sample having ten times the concentration of 
the other. Moreover, the signal from the Bordetella indicates the level of non-specific 
5 binding or the achievable "baseline". Results from this experiment are shown in Figure 
11. Since the same bacterial solutions (E. coli or Bordetella) were used, a direct 
comparison can be made of the different surfaces. As seen in Fig. 11, streptavidin 
immobilized via the biotinylated thiol to Au was the best condition for E. coli detection. 
Using the biotin-thiol SAM, we obtained good signals for the E. coli while achieving a 

10 low baseline signal from the Bordetella. For streptavidin immobilized via the biotin- 
disulfide to Au, current signals for the E. coli (both concentrations) were significantly 
lower, while the baseline was the same as that for the biotin-thiol/streptavidin. In the case 
of streptavidin directly adsorbed to Au, the signal from the Bordetella was much higher, 
indicating a higher level of non-specific binding of POD to the surface. 

15 After ascertaining Au/biotin-SH/streptavidin to be the optimal streptavidin surface, 

we repeated the protocol using E. coli and Bordetella to determine the sensitivity of .our 
system. We immobilized streptavidin via the biotin-SH SAM and performed the assay on 
a series of E. coli dilutions along with Bordetella as the negative control. Results are 
shown in Figure 12. The data indicate that as few as 1000 E. coli cells can be detected 

20 using our MEMS system. As expected, current signal increased as a function of 
increasing number of E. coli cells in the sample solution. Moreover, by lowering the POD 
concentration used in the assay protocol (from 0.75 U/ml to 0.15 U/ml), we achieved 
better discrimination in signals at lower E. coli cell numbers (Figure 13). As seen in Fig. 
13, the current signal for 1000 E. coli cells was more than twice that for 2.5x1 0 5 

25 Bordetella cells. The results using our MEMS system confirm that E. coli bacteria was 
successfully detected using amperometry and S AMs to capture the bacteria rRNA. 

* 

4. Discussion 

Our results show that combining MEMS technology with SAMs, DNA 
hybridization, and enzymatic amperometry leads to a highly specific and sensitive 

30 electrochemical detector for bacteria such as E. coli. The contribution from each 
component is critical to the overall success of the system. MEMS technology enables an 
array of multiple three-electrode "cells" to be deposited on a Si wafer, and the MEMS 
detector array we have described is fully reusable as the SAMs can be removed and the Au 
surfaces regenerated with appropriate cleaning. Moreover, with micromachined channels, 

35 valves, pumps and integrated electronics, one can fully automate the sample preparation 
and assay protocol. 
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SAMs provide an effective means of functionalizing the Au working electrode to 
immobilize capture biomolecules, for example, streptavidin. DNA hybridization permits 
high specificity for pathogenic bacteria as the sequence of the ssDNA probes can be 
carefully selected to complement only the target. Coupling the hybridization event with 
5 an enzymatic reaction provides signal amplification and enhances the sensitivity. Finally, 
by using electrochemical transduction, a miniaturized portable system with minimum 
power consumption can be developed. 

Rapid detection and a portable instrument is desirable for pathogen sensing. We 
have demonstrated that detection can be achieved within -40 minutes using this system. 

10 Due to the small dimensions and small sample volumes, it is possible to further reduce the 
assay time by reducing the incubation times (10 minutes) currently used for DNA 
hybridization and enzyme binding. A distinct advantage of MEMS is the ability to use 
very small volumes (a few |il) and electrode surface areas (currently 0.13 cm 2 for the 
working electrode, <0.02 cm 2 for the auxiliary and reference electrodes). Our results show 

15 that as few as ~10 3 cells can be detected using this system without polymerase chain 
reaction (PCR). Due to the small volumes and working electrode surface area in the 
MEMS system, reporting the detection limit in terms of absolute cell numbers is more 
appropriate than reporting the detection limit in terms of cell concentration (cells/ml). 
Detection limits on the order of 10 2 to 10 3 cells/ml have been reported, however, sample 

20 volumes of - 1.0 ml with working electrode surface areas -1cm 2 were typically used 
(Abdel-Hamid, et. al., 1998, 1999). In amperometric enzyme immuno filtration assays,, the 
signal was more than an order of magnitude less when using a 0.1 ml sample than when 
using a 1.0 ml sample (Abdel-Hamid, 1999). 

Results from amperometric experiments to detect E. coli rRNA have shown that 

25 the streptavidin monolayer immobilized via the biotinylated thiol SAM approach yielded 
the best results. This finding is not surprising as SPR data indicated the highest 
streptavidin surface density or "coverage** when using the biotinylated thiol. It is likely 
that a well-ordered self-assembled monolayer is formed only with the biotinylated thiol, 
leading to highest streptavidin surface density. In the case of the biotinylated disulfide, 

30 although attachment of the biotin to the Au surface occurs via the Au-S bond, the 
additional organic group probably hinders the formation of a densely packed monolayer. 
Streptavidin immobilized via direct adsorption to Au resulted in significantly higher non- 
specific binding of the POD enzyme to the working electrode. Protein adsorption to Au 
has been well known as colloidal Au particles attached to various proteins (e.g. 

35 streptavidin, immunoglobulins) are commercially available (Nanoprobes, Inc., Yaphank, 
NY). Streptavidin does not contain cysteine or methionine residues (Weber, et. al., 1989) 
and therefore, does not attach to Au via an Au-S bond. Protein adsorption to Au can occur 
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via interaction of carboxylate groups with Au (Ooka, et. al., 1999) and is the likely 
mechanism for streptavidin-Au attachment. Although a streptavidin monolayer can be 
attached to Au via direct adsorption, whether self-assembly or molecular ordering occurs 
is questionable. SPR desorption experiments showed the streptavidin-Au attachment to be 
5 as robust as streptavidin-biotin binding, i.e. the amount of streptavidin removed due to 
urea, SDS, and NaOH were similar for streptavidin directly adsorbed on Au as compared 
to streptavidin attached to biotin. When conducting the assay protocol for E. coli, 
however, sample solutions contained oligonucleotides as well as cell debris from the lysed 
E. coli. Our data suggests that the presence of other proteins and biomolecules 
10 accelerated the desorption of streptavidin from Au, leading to increased non-specific 
binding of the enzyme POD to the surface. 

5. Conclusions 

E. coli bacteria were successfully detected by incorporating MEMS with SAMs, 
DNA hybridization, and enzyme amplification. We demonstrated a MEMS-based 
15 detection system that is specific for E. coli and capable of detecting 1000 cells without 
PCR. The process time can be 40 minutes or less. Moreover, the assay can be conducted 
with solution volumes on the order of a few microliters. The integration of SAMs, DNA 
hybridization, and enzyme amplification methodologies with MEMS technology makes 
possible a new generation of devices for pathogenic detection. 
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Table I 



Comparison of various reagents for the toaxsJiaa of streptavidin from surface 
ai determined by surface plasm on resonance 



Treatment 
Condition 


Streptavidin 
-2400 RU 
Loss in Si 


on Bare Au 
deposited 
gnal (RU) 


Streptavidin on biotin-DAD-C12-SH/Au 
-3000 RU deposited 
Loss in Signal (RU) 


Streptavidin on biotin-HPDP/Au 
-1700 RU deposited 
Loss in Signal (RU) 


1.0MKC1 


0 


0 


0 


0 


0 


0 


8M Urea 


280(12%) 


370(15%) 


790 (26%) 


1050(35%) 


360 (21%) 


300(18%) 


0.5% SDS 


40 (2%) 


150 (6%) 


390(13%) 


230 (8%) 


330(19%) 


690 (40%) 


0.1MHCI 


0 


0 


0 


0 


0 


0 


0.1 MNaOH 


400(17%) 


550(23%) 


630(21%) 


690(23%) 


400 (24%) 


200(12%) 


40% Formamide 


0 


0 


0 


0 


0 


0 
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Claims 

1 . A method of detecting the presence or measuring the quantity of a target 
analyte in a sample reagent comprising the steps of: 

contacting a microfabricated electrochemical biosensor with the sample reagent, 
the microfabricated electrochemical biosensor comprising: 

(a) a substrate; and 

(b) at least two electrically conductive electrodes fabricated on the substrate by 
integrated circuit technology, each of the electrical conductive electrodes consisting of a 
single layer of an electrically conductive material; 

containing the sample reagent in contact with the conducting electrodes; 
measuring a electrical signal output from the microfabricated electrochemical 
biosensor; and 

determining from the signal output the presence and/or quantity of the target 
analyte in the sample reagent. 

2. The method of claim 1 wherein the electrochemical biosensor further 
comprises an adhesive underneath each of the electrodes, the adhesive allowing for better 
adhesion of each of the electrodes to the substrate. 

3. The method of claim 2 wherein the sample reagent is a biological fluid 
containing macromolecules. 

J 

4. The method of claim 2 wherein the sample reagent is a biological fluid 
containing ionic molecules or atoms. 

5. The method of claim 2 wherein the substrate is selected from the group 
consisting of silicon, gallium arsenide, plastic and glass. 

6. The method of claim 2 wherein the substrate comprises a material made out 
of silicon. 

7. The method of claim 2 wherein the electrically conductive material is 
selected from the group consisting of gold, aluminum, chromium, copper, platinum, 
titanium, nickel and titanium. 

8. The method of claim 2 wherein the electrically conductive material is gold. 
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9. The method of claim 2 wherein the adhesive is selected from the group of 
consisting of chromium, titanium, and glue. 

10. The method of claim 2 wherein the adhesive comprises chromium. 

11. The method of claim 2 wherein the substrate further comprises a well 
5 structure containing at least one of the electrodes. 

12. The method of claim 2 wherein the electrochemical biosensor comprises at 
least three electrically conductive electrodes. 

13. The method of claim 12 wherein each of the electrically conductive 
electrodes consists of a single layer of gold. 

10 . 14. The method of claim 2 wherein the step of determining from the signal 

output the presence and/or quantity of the target analyte in the reagent further comprises 
the steps of: 

calibrating the electrochemical biosensor with a first calibrating solution that 
contains a known amount of the target analyte to be detected and a second calibrating 
15 solution that contains an undetectable amount of the target analyte to be detected; 

obtaining a reference signal output; and 

comparing the reference signal with the measured signal to determine the presence 
and/or quantity of the molecules in the sample reagent. 

15. The method of claim 14 wherein the substrate is selected from the group 
20 consisting of silicon, gallium arsenide, plastic and glass. 

16. The method of claim 14 wherein the electrically conductive material is 
selected from the group consisting of gold, aluminum, chromium, copper, platinum, nickel 
and titanium. 

* 

17. The method of claim 14 wherein the electrically conductive material is 

25 gold. 

18. The method of claim 14 wherein the adhesive is selected from the group of 
material consisting of chromium, titanium, and glue. 
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19. The method of claim 14 wherein the substrate further comprises a well 
structure underneath at least one of the electrodes. 

20. The method of claim 14 wherein a surface on at least one of the electrodes 
is surface modified for anchoring macromolecules on the surface. 

21. A method of detecting the presence or measuring the quantity of at least 
one molecule in a sample reagent comprising the steps of: 

contacting a microfabricated electrochemical biosensor with the sample reagent, 
the microfabricated electrochemical biosensor comprising: 

(a) a silicon substrate; and 

(b) three electrically conductive electrodes fabricated on the substrate by 
integrated circuit technology, each of the electrically conductive electrodes consisting of a 
single layer of gold; 

containing the sample reagent in contact with the conducting electrodes; 
measuring a signal output from the microfabricated electrochemical biosensor; and 
determining from the signal output the presence and/or quantity of the molecules in 
the sample reagent. 

22. A microfabricated electrochemical biosensor comprising: 
a silicon substrate; and 

three electrical conductive electrodes for redox sensing fabricated on the substrate 
by integrated circuit technology, each of the electrical conductive electrodes consisting of 
a single layer of gold. 

23. A method of detection of a target analyte comprising the steps of: 
providing a biosensor and at least one reagent, the biosensor comprising: 

(a) a first area having a first surface property for immobilizing the target 
analyte contained in the reagent; and 

(b) a second area having a second surface property different from the first 
surface property so that a sample of the reagent can be confined due to surface tension 
forces between the first area and the second area, the second area comprising components 
for detection of the target analyte; 

applying a volume of reagent to the biosensor, wherein the coverage of the reagent 
over the biosensor is controlled by the volume of the reagent and the surface tension 
forces; and 
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detecting a presence and/or measuring a quantity of the target analyte by the 
biosensor. 

24. The method of claim 23 wherein the components comprise at least one 
electrode selected from the group consisting of a counter electrode and a reference 
electrode. 

25. The method of claim 23 wherein at least one reagent comprises a first 
reagent and a second reagent. 

26. The method of claim 25 wherein the step of applying reagent to the 
biosensor comprises the steps of: 

covering the first reagent over the first area; and 
covering the second reagent over the second area. 

i 

27. The method of claim 26 wherein the first area is shaped in a first geometry 
that is designed to confine the first reagent within the first area. 

28. The method of claim 27 wherein the second area is shaped in a second 
geometry that is designed to confine the second reagent with the second area. 

29. The method of claim 25 wherein the first reagent is a biological fluid 
containing the target analyte and the second reagent is a chemical solution suitable for 
biological detection of the target analyte. 

30. The method of claim 23 wherein the target analyte is selected from the 
group consisting of ionic molecule and macromolecule. 

31. The method of claim 23 wherein the step of detecting the presence and/or 
quantity of the target analyte further comprises: 

calibrating the biosensor with a first calibrating solution that contains a known 
amount of the analyte to be detected and a second calibrating solution that contains an 
undetectable amount of the analyte to be detected; and 

utilizing the calibration results to detect the presence a quantity of target analyte in 
the reagent. 
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32. The method of claim 23 wherein the surface properties of the first and 
second areas are surface modified before application of reagent to the biosensor. 

33. The method of claim 23 wherein the surface properties of the first and 
second areas are controlled by an external force field. 

5 34. A device for detecting a redox event of at least one analyte in a liquid 

reagent comprising: 

a redox sensor fabricated on a semiconductor by using at least one of integrated 
circuit (IC) and micro electromechanical systems (MEMS) technology, the redox sensor 
includes at least two electrically conductive electrodes for signal output and bias control; 
10 an isolation layer between the electrodes and the semiconductor; 

an integrated circuit (IC) on the semiconductor and underneath the isolation layer, 
the integrated circuit comprising a detection circuit and a bias potential circuit for 
providing a bias potential to the detection circuit; and 

wherein the isolation layer has a electrically conductive contact portion for 
15 electrically connecting the electrodes with the integrated circuit (IC). 

35. The device of claim 34 wherein the electrically conductive electrodes are 
selected from the group of materials consisting of gold, aluminum, chromium, copper, 
platinum, nickel and titanium. 

36. The device of claim 34 wherein the electrically conductive electrodes are 
20 made out of gold. 

37. The device of claim 34 wherein the semiconductor is selected from the 
group consisting of silicon and gallium arsenide. 

38. The device of claim 34 wherein the semiconductor is silicon. 

39. The device of claim 34 wherein the detection circuit comprises a current 
25 measurement device to detect a current signal from the redox event through a 

corresponding electrically connected electrode. 

40. The device of claim 39 wherein the bias potential is a potential difference 
between at least two different electrodes to enable electron transfer for current detection. 



WO 01/83674 



PCT/US01/14257 



62 

41. A device for detecting a redox event of at least one analyte in a liquid 
reagent comprising: 

a redox sensor on a semiconductor, the redox sensor comprising a reference 
electrode, a working electrode and a counter electrode; 

an isolation layer between the redox sensor and the semiconductor; 

an integrated circuit (IC) on the semiconductor and underneath the isolation layer, 
the integrated circuit comprising a detection circuit and a bias potential circuit for 
providing a bias potential to the detection circuit; and 

wherein the isolation layer has a electrically conductive contact portion for 
( electrically connecting the electrodes with the integrated circuit (IC). 

42. The device of claim 41 wherein each of the electrodes consists of a single 
layer of electrically conductive material. 

43. The device of claim 42 wherein the electrically conductive material is gold. 

44. The device of claim 43 wherein the semiconductor is silicon. 

45. The device of claim 44 wherein the detection circuit comprises a current 
measurement device to detect a current signal from the redox event through a 
corresponding electrically conductive electrode. 

46. The device of claim 45 wherein the bias potential is a potential difference 
between at least two different electrodes to enable electron transfer for current detection. 

47. The device of claim 41 wherein the semiconductor is selected from the 
group consisting of silicon and gallium arsenide. 

48. The device of claim 41 wherein the semiconductor is silicon. 

49. The device of claim 41 wherein the detection circuit comprises a current 
measurement device to detect a current signal from the redox event through a 
corresponding electrically conductive electrode. 

50. The device of claim 49 wherein the bias potential is a potential difference 
between at least two different electrodes to enable electron transfer for current detection. 
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